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(54)Tltie: STEREO LITHOGRAPHIC CURL REDUCTION 



(57) Abstract 

An improved stcreoUthography system for generating a 
three-dimensional object by creating a cross-sectional pattern 
of the object to be formed at a selected surface (23) of a fluid 
medium (22) capable of altering its physical state m response 
to appropriate synergistic stimulation by impmgmg radiation, 
particle bombardment or chemical reaction, information defin- 
ing the object being structurally specified to reduce curi, stress 
and distortion in the ultimately fonned object, the successive 
adjacent laminae, representing corresponding successive adja- 
cent cross-sections of the object, being automaticaUy formed 
and integrated together to provide a step-wise laminar buildup 
of the desired object, whereby a three-dimensional object is 
fonned and drawn from a substantially planar surface of the 
fluid medium during the forming process. A stereolithographic 
distortion known as curi is defined, and several techniques to 
eliminate or reduce curl are described, including dashed line, 
bent line, secondary structure, rivets, and multi-pass tech- 
niques. 
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DESCRIPTIQM 

Stereolithographic Curl Reduction 
BaclcarQund of tihe Invention 

1. Cross Reference to Relat ed Applications 

This application is related to U.S. Patent 
Application Serial Nos. 182,830; 182,823; 183,015; 
5 182,801; 183,016; 183,014; and 183,012; filed April 18, 
1988, all of which are hereby fully incorporated by 
reference herein as though set forth in full. 
Continuations-in-part of U.S. Patent Application Serial 
Nos. 182,830; 183,016; 183,014; and 183,012 were filed on 

10 November 8, 1988, all of which are hereby fully incorpor- 
ated by reference herein as though set forth in full. The 
Serial Nos. for the above-mentioned continuations-in-part 
are, respectively, 269,801; 268,816; 268,337; 268,907 (all 
for Ser. Mo. 182,830); 268,429 (for Ser. No. 183,016); 

15 268,408 (for Ser. No. 183,014); and 268,428 (for Ser. No. 
183,012). A. continuation of U.S. Patent Application S.N. 
269,801 was filed on March 31, 1989, which is hereby fully 
incorporated by reference herein as though set forth in 
full. The Lyon & Lyon Dkt. No. for the above-mentioned 

20 continuation is 186/195. A continuation-in-part applica- 
tion of U.S. Patent Application S.M. 182,823 was filed on 
April 14, 1989, which is hereby fully incorporated ' by 
reference herein as though set forth in full. The Lyon & 
Lyon Docket Number for the above-mentioned continuation- 

25 in-part is 186/166. 

2. gross Raferanee to Attached App^ndjpg^ 

The following appendices are affixed to this 
application, and are hereby fully incorporated by 
reference herein as though set forth in full: 
30 Appendix A: 3D Systems, Inc., SLA-1 Beta Site 

Stereolithography System Users Manual 
and Service Manual, November, 1987 
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Appendix B: 3D Systens, inc.. Beta Release, siA-i 

Software Manual, First Draft, October, 

1987 

Appendix c: Software Listing, Version 2.62 
5 Appendix E: Non-3D Systems Software Vendors as of, 

April 13, 1988 
Appendix I: Technical Papers, 3D Systems, inc., 
CAD/CAM Stereolithography Interface 
Specification, December l, 1987 
10 Appendix J: Program Listing - Quarter Cylinder 

3- Field of ^.h^ -^"T-irtiPTI 

This invention relates generally to in^rovements in 
methods and apparatus for forming three-dimensional 
objects from a fluid medium and, more particularly, to a 
new and improved stereolithography system involving the 
application of enhanced data manipulation and lithographic 
techniques to production of three-dimensional objects. 
Whereby such objects can be formed more rapidly, reliably, 
accurately and economically, and with reduced stress and 
20 curl. 

It is common practice in the production of plastic 
parts and the like to first design such a part and then 
painstakingly produce a prototype of the part, all 
involving considerable time, effort and expense. The 
design is then reviewed and, oftentimes, the laborious 
process is again and again repeated until the design has 
been optimized. After design optimatization, the next 
step is production. Most production plastic parts are 
injection molded, since the design time and tooling costs ■ 
are very high, plastic parts are usually only practical in 
high volume production, while other processes are avail- 
able for the production of plastic parts, including direct 
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machine work, vacuum-forming and direct forming, such 
methods are typically only cost effective for short run 
production, and the parts produced are usually inferior in 
quality to molded parts. 
5 Very sophisticated techniques have been developed in 

the past for generating three-dimensional objects within 
a fluid medium which is selectively cured by beams of 
radiation brought to selective focus at prescribed 
intersection points within the three-dimensional volume of 

10 the fluid medium* Typical of such three-dimensional 
systems are those described in U*S. Pat. Nos. 4,041,476; 
4,078,229; 4,238,840 and 4,288,861. All of these systems 
rely upon the buildup of synergistic energization at 
selected points deep within the fluid volume, to the 

15 exclusion of all other points in the fluid volume. 
Unfortunately, however, such three-dimensional forming 
systems face a number of problems with regard to resolu- 
tion and exposure control. The loss of radiation 
intensity and image forming resolution of the focused 

20 spots as the intersections move deeper into the fluid 
medium create rather obvious complex control situations. 
Absorption, diffusion, dispersion and diffraction all 
contribute to the difficulties of working deep within the 
fluid medium on an economical and reliable basis, 

25 In recent years, "stereolithography" systems, such as 

those described in U.S. Pat. No. 4,575,330 entitled 
"Apparatus For Production Of Three- Dimensional Objects By 
Stereolithography", which is hereby fully incorporated by 
reference herein as though set forth in full, have come 

30 into use. Basically, stereolithography is a method for 
automatically building complex plastic parts by success- 
ively printing cross-sections of photopolymer (such as 
liquid plastic) on top of each other until all of the thin 
layers are joined together to form a whole part. With 

35 this technology, the parts are literally grown in a vat of 
liquid plastic. This method of fabrication is extremely 
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powerful for quickly reducing design ideas to physical 
form and for making prototypes. 

Photocurable polymers change from liquid to solid in 
the presence of light and their photospeed vith ultra- 
violet light (UV) is fast enough to make them practical 



model building materials. The material that xs 
polymerized when a part is made is still usable 



is not 



and 



r«nai„s in the vat as successive parts are made. An 
,o ^K?"''"^*'' "^^^'^ generates a small intense spot of uv. 
10 Thl. spot is moved across the liguid surface with a 
galvanometer mirror X-y scanner, The scanner is driven by 
computer generated vectors or the like. Precise complex 
patterns can be rapidly produced with this technique. 

The laser scanner, the photopolymer vat and the 
foJT "'"^ a controlling computer combine 

together to form a stereolithography apparatus, referred 
to as "SLA... An SLA is programmed to automatically make 

building the part up layer by layer. 

Stereolithography represents an unprecedented way to 

S^in^ tnr* '"^'"'^ °" ''^^'^ ^^^^ "^^-^ ^-ling. 
Since this technology depends on using a computer to 

IT^T' t""' ^^-^^ - natural 

data link to CAD/CAM. However, such systems have 

encountered difficulties relating to shrinkage, stress, 

curl and other distortions, as well as resolution, 

accuracy and difficulties in producing certain objec; 



20 



25 



30 



35 



„h.n IT «t.reoUtho,raphir tend to distort 

When the materials us«l ohange density between the liquid 
state^and the eoUd state. Density oh«,g. eause. material 
Shrinkage or expansion, and thle generate. . stress as a 
part xs forced In a way to "curl- lower layers or adjacent 
struoture, giving an overall distortion. Materials with 

«. otherwise useful £or stereolithography have high 
shrintege. The "curl" effect limits the accuracy of the 
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object formation by stereolithography . This invention 
provides ways to eliminate or reduce the "curl" effect. 

Material shrinkage is a common problem with polymer 
materials, and with fabrication methods (such as plastic 
5 molding) that use these materials. However, stereolitho- 
graphy is a new technology, and the problems associated 
with distortion due to shrinkage have not been widely 
addressed. The other main approaches to reducing object 
distortion taken by the inventors have been to use 

10 photopolymer materials that have less shrinkage and 
produce less stress, or materials that are less rigid and 
are less capable of propagating strain. 

These other methods are sonewhat effective, but have 
disadvantages. The earliest way to achieve low shrinkage 

15 in a photopolymer was to use oligomeric materials with 
high initial equivalent weights. These materials shrink 
less because there is less new bond formation per unit 
volume in the photo- initiated polymer reaction. However, 
these high equivalent weight materials generally have 

20 higher molecular weights and much higher viscosity at a 
given temperature than the lower molecular weight 
materials. The high viscosity leads to slow leveling of 
the liquid surface. The high viscosity can be overcome by 
using increased process temperature, but higher 

2=" temperatures limit the liquid lifetime. 

The shrinkage in photopolymers is due to the 
shrinkage in the formation of the acrylic bonds. 
Photopolymers can be made by reacting other functional 
groups than acrylics, but they have substantially less 

30 reactivity than the acrylic bonded materials, resulting in 
generally inadeq'Aate speeds of solid material formation. 

Materials that are somewhat flexible when formed 
usually produce objects with less distortion, since they 
cannot transmit strain long distances through the object. 

35 However, this property is ^ disadvantage if the goal is to 
make stiff objects. Some materials are soft when formed, 
and then harden when post cured with higher levels of 
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radiation or other means. These are useful materials for 
stereolithography. The whole subject of materials that 
produce less distortion, because of the way they make the 
transition from liquid to solid, is currently being 
5 studied. However, materials do not currently exist which 
produce distortion free parts. 

There continues to be a long existing need in the 
design and production arts for the capability of rapidly 
and reliably moving from the design stage to the prototype 
10 stage and to ultimate production, particularly moving 
directly from the computer designs for such plastic parts 
to virtually immediate prototypes and the facility for 
large scale production on an economical and automatic 
basis. 

15 Accordingly, those concerned with the development and 

production of three-dimensional plastic objects and the 
like have long recognized the desirability for further 
improvement in more rapid, reliable, economical and 
automatic means which would facilitate quickly moving from 

20 a design stage to the prototype stage and to production, 
while avoiding the complicated focusing, alignment and 
exposure problems of the prior art three-dimensional 
production systems. The present invention clearly 
fulfills all of these needs. 

25 Summary of the Invention 

The present invention provides a new and improved 
stereolithography system for generating a three- 
dimensional object by forming successive, adjacent, 
cross-sectional laminae of that object at the face of a 

30 fluid medium capable of altering its physical state in 
response to appropriate synergistic stimulation, informa- 
tion defining the object being specially processed to 
reduce curl, stress and distortion, and increase resolu- 
tion,, strength and accuracy of reproduction, the 

35 successive laminae being automatically integrated as they 
are formed to define the desired three-dimensional object. 
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Basically, and in general terms, this invention 
relates to a system for reducing or eliminating the effect 
of "curl" distortion in stereolithography. The term 
"curl" is used to describe ah effect similar to that found 
5 when applying coatings to such things as paper. When a 
sheet is coated with a substance that shrinks, it curls up 
toward the coating. This is because the coating both 
shrinks and sticks to the sheet, and exerts a pulling 
force on the top but not on the bottom of the sheet. A 

10 sheet of paper has insufficient restraining force to 
resist the pulling, and most coatings will curl paper. 
The same thing happens when a photopolymer is cured on top 
of a thin sheet of already cured photo-polymer. 

In a presently preferred embodiment, by way of 

15 example and not necessarily by way of limitation, the 
present invention harnesses the principles of computer 
generated graphics in combination with stereolithography, 
i.e., the application of lithographic techniques to the 
production of three-dimensional objects, to simultaneously 

20 execute computer aided design (CAD) and computer aided 
manufacturing (CAM) in producing three-dimensional objects 
directly from computer instructions. The invention can be 
applied for the purposes of sculpturing models and proto- 
types in a design phase of product development, or as a 

25 manufacturing system, or even as a pure art form. 

The data base of a CAD system can take several forms. 
One form consists of representing the surface of an object 
as a mesh of triangles. These triangles completely form 
the inner and outer surfaces of the object. This CAD 

30 representation commonly also includes a unit length normal 
vector for each triangle. The normal points away from the 
solid which the triangle is bounding. 

"Stereolithography" is a method and apparatus for 
making solid objects by successively "printing" thin 

35 layers of a curable material, e.g., a UV curable material, 
one on top of the other. A programmed movable spot beam 
of UV light shining on a surface or layer of UV curable 
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Uq«a « „.ed to for» . solia cross-section of the object 

ttie thxckness of one laver anH *.*.«. ^ 
R ^.K ^ J-ayer, and the next cross-section is 

entire object is formed. 

With ^T't'' " - ""'-i 

XO L» '=«'"^9ue Of the present imrention. co»pl.^ 

. -^"ter to help generate the programed co^ands and to 

^"^"^ '° stereolithcraphic 

0b3«ct forming subsystem. 

15 aDo»!'-°!"""*' ""^ "* ""'"''i"-* that other forms of 
»«Z -tUulation for a curable fluid 

^ U J '»»^»«'""t (electron beams and 

20 rtl. """""1" "5^*' ««i in th. practice 

slp?of"r'"" T"'^ ""^"^ '^^^^ «^ 

scope of the invention. 

Stereolithography is a three-dimensional printinc 

25 mltH ' successive layers of liguid plastic. This 
=5 method .^bles a designer to create a design on a^ 
^ «,d build an accurate plastic model in I f eC hou^ 
a . pr,.«,tly preferred embodiment, by way of example and 
not necemsaruy by «ay of limitation, the stereoiitho- 
graphic process is composed of the following steps. 

stertlltT "'^"^ """"^^ thi 

or * « -del is made 

invent'" P"-«in,. In accordance with the 

that red!=" t '"'^ structural configurations 

• ob"ct ^ Ultimately formed 
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In accordance with the invention, when a stereo- 
lithography line which is part of a vertical or horizontal 
formation is drawn with breaks in the line instead of a 
solid line, a/k/a the "dashed line" technique, the pulling 
5 force normally transmitted along the vector is eliminated, 
and the curl effect is reduced. When a stereolithography 
line which is part of a vertical or horizontal formation 
is drawn with bends in the line instead of a straight 
line, a/k/a the "bent-line" technique, the pulling force 

10 normally transmitted along the vector is reduced, and the 
curl effect is reduced. When a stereolithography line 
which is part of a vertical or horizontal formation is 
drawn so that it does not adhere directly to the line 
below or beside it, but is attached, after it is formed 

15 with a secondary structure, a/k/a the "secondary 
structure" technique, the pulling force down the vector is 
eliminated, the bending moment on adjacent lines is 
reduced, and the curl effect is greatly reduced. When a 
stereolithography line which is part of a vertical or 

20 horizontal formation is drawn so that it does not adhere 
directly to the line below or beside it until the material 
is substantially reacted, a/k/a the "multi-pass" 
technique, the pulling force down the vector is reduced, 
the structure is more rigid so it can resist deformation, 

25 and the curl effect is greatly reduced. 

By way of example, and not necessarily by way of 
limitation, the invention contemplates ways to draw rails 
with reduced curl; 1) a dashed line, to provide isolation 
of the pulling effect, 2) a line with short segments at 

30 angles to each other to isolate the pulling effect, 3) 
lines that do not adhere to the layer below, to eliminate 
the pulling effect, but which' are held together with other 
structure, and 4) lines that are as fully reacted as 
possible before the exposure that extends the gel point 

35 (and adhesion) to the lower layer is applied. 

Model preparation for stereolithography involves 
selecting the optimum orientation, adding supports, and 
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selecting the operating parameters of the stereolitho- 
graphy system. The optimum orientation will (1) enable 
the object to drain, (2) have the least number of 
unsupported surfaces, (3) optimize important surfaces, and 
5 (4) enable the object to fit in the resin vat. Supports 
must be added to secure una;tt-ached sections and for other 
purposes; a CAD library of supports can be prepared for 
this purpose. The stereolithography operating parameters 
include selection of the model scale and layer (slice) 
10 thickness. 

The surface of the solid model is then divided into 
triangles, typically "PHIGS«. a triangle is the least 
complex polygon for vector calculations. The more 
triangles formed, the better the surface resolution and 
15 hence the more accurate the formed object with respect to 
the CAD design 

Data points representing the triangle coordinates are 
then transmitted to the stereolithographic system via 
appropriate network communications. The software of the 
20 stereolithographic system then slices the triangular 
sections horizontally (X-Y plane) at the selected layer 
thickness. 

The stereolithographic unit (SLA) next calculates the 
section boundary, hatch, and horizontal surface (skin) 
vectors. Hatch vectors consist of cross-hatching between 
the boundary vectors. Several styles are available. Skin 
vectors, which are traced at high speed and with a large 
overlap, form the outside horizontal surfaces of the 
object. Interior horizontal areas, those within top and 
bottom skins, are not filled in other than by cross-hatch 
vectors. 

The SLA then forms the object one horizontal layer at 
a time by moving the ultraviolet beam of a helium-cadmium 
laser across the surface of a photocurable resin and 
35 solidifying the liquid where it strikes. Absorption in 
the resin prevents the laser light from penetrating deeply 
and allows a thin layer to be formed. Each layer is 
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comprised of vectors which are drawn in the following 
order: border, hatch, and surface. 

The first layer that is drawn by the SLA adheres to 
a horizontal platform located just below the liquid 
5 surface. This platform is attached to an elevator which 
then lowers its vertically under computer control. After 
drawing a layer, the platform dips several millimeters 
into the liquid to coat the previously cured layer with 
fresh liquid, then rises up a smaller distance leaving a 
10 thin film of liquid from which the second layer will be 
formed. After a pause to allow the liquid surface to 
flatten out, the next layer is drawn. Since the resin has 
adhesive properties, the second layer becomes firmly 
attached to the first. This process is repeated until all 
15 the layers have been drawn and the entire three- 
dimensional object is formed. Normally, the bottom 0.25 
inch or so of the object is a support structure on which 
the desired part is built. Resin that has not been 
exposed to light remains in the vat to be used for the 
20 next part. There is very little waste of inaterial. 

Post processing involves heating the formed object to 
remove excess resin, ultraviolet or heat curing to com- 
plete polymerization, and removing supports. Additional 
processing, including sanding and assembly into working 
25 models, may also be performed. 

The stereolithographic apparatus of the present 
invention has many advantages over currently used 
apparatus for producing plastic objects. The apparatus of 
the present invention avoids the need of producing design 
30 layouts and drawings, and of producing tooling drawings 
and tooling. The designer can work directly with the 
computer and a stereo-lithographic device, and when he is 
satisfied with the design as displayed on the output 
screen of the computer, he can fabricate a part for direct 
35 examination. If the design has to be modified, it can be 
easily done through the computer, and then another part 
can be made to verify that the change was correct. If the 
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design calls for several parts with interacting design 
parameters, the method of the invention becomes even more 
useful because of all of the part designs can be quickly 
changed and made again so that the total assembly can be 
5 made and examined, repeatedly if necesss^. 

After the design is complete, part production can 
begin immediately, so that the weeks and months between 
design and production are avoided. Ultimate production 
rates and parts costs should be similar to current 
10 injection molding costs for short run production, with 
even lower labor costs than those associated with 
injection molding. Injection molding is economical only 
when large numbers of identical parts are required. 
Stereolithography is useful for short run production 
15 because the need for tooling is eliminated and production 
set-up time is minimal. Likewise, design changes and 
custom parts are easily provided using the technique. 
Because of the ease of making parts, stereolithography can 
allow plastic parts to be used in many places where metal 
20 or other material parts are now used. Moreover, it allows 
plastic models of objects to be quickly and economically 
provided, prior to the decision to make more expensive 
metal or other material parts. 

Hence, the stereolithographic apparatus of the 
present invention satisfies a long existing need for a CAD 
and CAM system capable of rapidly, reliably, accurately 
and economically designing and fabricating three- 
dimensional plastic parts and the like. 

The above and other objects and advantages of this 
invention will be apparent from the following more 
detailed description when taken in conjunction with the 
accompanying drawings of illustrative embodiments. 

Brief Dftsr.T.i ption of » he Draw ^ ^ g^ 

FIG. 1 illustrates rail formation with 
3 5 stereol ithography ; 

FIG. 2 illustrates reactive region detail; 
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FIG. 3 is a perspective view of a dashed line rail; 

FIG. 4 is a perspective view of a short segment or 
bent line rail; 

FIG. 5a is an end elevational view of a rail with no 
5 adhesion except for the attaching secondary structure; 

FIG* 5b is a perspective view of a rail with no 
adhesion except for the attaching secondary structure;. 

FIG. 6 is a rail held together with rivets; 

FIG* 7 is a quarter cylinder; 
10 FIG. 8 is a flow chart illustrating the software 

architecture of a suitable stereolithography system in 
which the present invention may be produced; 

FIG. 9 is an overall block diagram of a stereo- 
lithography system for the practice of the present 
15 invention; 

FIGS. 10 and 11 are flow charts illustrating the 
basic concepts employed in practicing the method of 
stereolithography of the present invention; 

FIG. 12 is a combined block diagraim, schematic and 
20 elevational sectional view of a system suitable for 
practicing the invention; 

FIG. 13 is an elevational sectional view of a second 
embodiment of a stereolithography system for the practice 
of the invention; 
25 FIG. 14a illustrates the pulling effect of one line 

on another line below it; 

FIG. 14b illustrates the lines of FIG. 14a, which are 
curled upwards because of the pulling effect; 

FIG. 15a illustrates two already-cured lines with a 
30 gap of uncured resin between them; 

FIG. 15b illustrates the countervailing forces 
exerted when the uncured resin in the gap of FIG. 15a is 
cured; 

FIG. 16a illustrates the cure depth achieved when a 
35 particular expeosure is delivered in a single pass; 
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FIG. 16b illustrates the cure depth achieved through 
the lensing effect, when the exposure of FIG. 16a is 
delivered through multiple passes; 

FIG. 17a illustrates the problem of downward bending 
5 in the multipass technique; 

FIG. 17b illustrates a possible solution to the 
problem of FIG. 17a, by increasing the exposure on the 
early passes of the multipass technique; 

FIG. 18 is a senile report showing REDRAW commands in 
10 the .L file; 

FIG. 19 is a sample report showing REDRAW commands in 
the .R file; 

FIGS. 20a and 20b is a. sample report showing REDRAW 
default parameters in the .PRM file; 
15 FIG. 2ia illustrates vectors spanning a cross section 

of an object; 

FIG. 21b Illustrates the impact of finite jumping 
time on the drawing of the vectors of FIG. 21a; 

FIG. 21c illustrates the use of the zig-zag technique 
20 to alleviate the problem of FIG. 21b; 

FIG. 22a shows sid view of stacked lines from 
different layers; 

FIG. 22b. illustrates the use of a riveted secondary 
structure to attach- adjacent lines of a particular layer; 
25 FIG. 22c illustrates a side view of the riveted 

secondary structure of FIG. 22b; 

FIG. 2 2d illustrates the use of rivets to attach the 
secondary structures from adjacent stacked layers; 

FIG. 22e illustrates a top view of the riveted 
30 secondary structure of FIG. 22b; 

FIG. 23a illustrates rivets, where the diameter of 
the rivets is much smaller than the width of the lines; 

FIG. 23b illustrates rivets, where the diameter of 
the rivets is larger than the rivets of FIG. 23a; 
35 FIG. 23c illustrates rivets, where the diameter of 

the rivets is larger than the width of the lines; 
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FIG. 24a is a side view of stacked lines connected by 
rivets ; 

FIG. 24b is a top view of oversized rivets; 
FIG. 24c is a top view of offset rivets; 
5 FIG. 24d is a top view of rivets used to connect 

stacked support lines; 

FIG. 25a illustrates a side view of secondary 
structure used to connect adjacent lines; 

FIG. 25b is a top view of the structure of FIG. 25a 
10 showing rivets used to connect stacked secondary 
structure ; 

FIG. 25c is a side view of the secondary structure 
and rivets of FIG. 25b; 

FIG. 26a shows a part made according to the dashed 

15 line technique; 

FIG. 26b shows a part made according to the bent line 

technique; 

FIG. 26c shows a part made according to the secondary 
structure technique; 
20 FIG. 27a shows the use of bricks and mortar with the 

dashed line technique; 

FIG. 27b show the cure sequence for the bricks and 
mortar variant of the dashed line technique; 

FIG. 27c shows the cure sequence for another variant 
2 of the dashed line technque; 

FIG. 27d shows the cure sequence for a third variant 
of the dashed line technique; 

FIG. 27e show the cure for a fourth variant of the 
dashed line technique; 
30 FIG. 28a shows the relieving of stress from the bent 

line technique; 

FIG. 28b shows the bent line technique with a gap 

size of 40-300 mil; 

FIG. 28c shows the bent line technique with a smaller 

35 gap size than in FIG. 28b; 

FIG. 28d shows a variant of the bent line technique 
having a triangular shape; 
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FIG* 28e shows another variant of the bent line 
technique; 

FIG. 28 f shows the angles associated with the variant 
of FIG. 28e; 

5 FIG. 28g shows a third variant of the bent line 

technique; 

PIG. 28h shows a bricks and mortar variant of the 
bent line technique; 

FIG. 28 i shows the cure sequence for the variant of 
10 FIG. 28h; 

FIG. 28 j shows the cure sequence for another bricks 
and mortar variant of the bent line technique; 

FIG. 29a illustrates an undistorted cantilevered 
section; 

15 FIG. 29b illustrate a distorted cantilevered section; 

FIG. 29c illustrates a top view of vectors that 
contribute to adhesion in a cantilevered section built to 
reduce curl; 

FIG. 30 is a sample report showing the specification 
20 of critical areas in a critical .BOX file; 

FIG. 31 is a sample report showing the specification 
of RIVET commands in the .L file; 

FIGS. 32a and 32b is a sample report showing the 
specification of default RIVET parameters in the .PRM 
25 file; 

FIGS. 33a and 33b is a sample report showing a .V 

file; 

FIG. 34b is a side view of a distorted quarter 
cylinder; 

30 FIG, 34c is a top view of a layer of the quarter 

cylinder; 

FIG. 34d is a top view of the layer of FIG. 34c 
showing the effects of horizontal curl; 

FIG. 35a is a side view of a quarter cylinder showing 
35 its upper, support, post, and base layers; 

FIG. 35b is a top view of a quarter cylinder showing 
the inner and outer concentric circularly curved rails; 
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FIG. 35c is a top view of a quarter cylinder showing 
the angle subtended by the curved rails; 

FIG. 35d is a top view of a quarter cylinder showing 
the inner and outer rails connected by cross-hatch; 
5 FIG. 35e is a top view of a quarter cylinder showing 

the use of rivets to connect the stacked cross hatch of 
FIG. 35d; 

FIG. 35f is a perspective view of a quarter cylinder; 
FIG. 35g is a side view of a distorted quarter 
10 cylinder illustrating the definition of curl factor; 

FIG. 36a is a side view of a part having slotted 
sections; 

FIG. 36b is a frontal view of the part of FIG. 36a; 
FIG. 36c is a top view of the part of FIG. 36a; 
15 FIG. 36d is a side view of the part of FIG. 36a 

showing the effects of sneer; 

FIGS. 37a-37f illustrate the key steps in the 
stereolithography process; 

FIGS. 38a-38c illustrate the major components of the 
20 stereolithograph system; 

FIG. 39 is a block diagram of the stereolithography 

system; 

FIG. 40 is a software diagram of the 
stereolithography system; 
25 FIGS- 41a-41b illustrate the central panel switches 

and indicators; 

FIG. 41c illustrates a sample part log; 
FIG. 42 illustrates a sample working curve; 
FIGS. 43a-43e illustrate a recommended optics 
30 cleaning technique; 

FIG. 44 illustrates air filter replacement; 
FIGS. 45a-45b illustrate SLICE computer components; 
FIGS. 46a-46b illustrate electronic cabinet 
components ; 

35 FIGS. 47a-47c illustrate optics components; 

FIG. 48 illustrate chamber components; 
FIGS. 49a-49b illustrate laser resonator alignment; 
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• FIGS. 50a-50b illustrate optics alignment; 

FIG. 51 illustrates chamber alignment; 

FIG. 52 illustrates the SIA-I stereo! ithography 
system; 

FIGS. 53a-56b illustrate the electronic cabinet 
assembly; 

FIG. 54 illustrates the optics assembly; 
FIGS. 55a-55b illustrate the chamber assembly; 
FIG. 56 illustrates the SIA-l wiring diagram; 
FIGS. 57a-57f illustrate the geometric model of a 
generic American automatic SLICE would get as input (no 
tires) ; 

FIGS. 58a-58c illustrate - an exploded view of the 
geometric model; 

FIGS. 59a-59b illustrate the way SLICE orders the 
triangles by type and height; 

FIG. 60 illustrates the ordering of scan triangles by 
their lowest corner; 

FIGS. 6la-61b illustrate slicing the car and stacking 
20 the slices; 

FIG. 62 illustrates how a slice is formed; 
FIGS, 63a-63c illustrate how slice makes trapezoids 
for the near-flat triangles; 

FIGS. 64a-64b illustrate how SLICE cross-hatches and 
skin fills flat triangles without making trapezoids; 

FIGS. 65a-65f is a "slice" flowchart implementing 
STYLE 1; 

FIGS. 66a-66f is a "slice" flowchart in^lementing 
STYLE 2; 

30 FIG. 67 illustrates an overview of the procedure 

necessary to produce a part with the SLA 

FIGS. 68a-68b illustrate the format of the faceted 
representation which follows the PHIGS standard; 

FIG. 69 illustrates the bindary floating point format 
compatible with the Intel 80287 Nath coprocessor; 

FIG. 70 illustrates a box represented by TEST 
0017. STL; 
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FIGS. 71a-71h illustrate the test part specification; 



and 



25 



FIGS. 72a-72b illustrate the spatial orientation of 
the test part. 

n^aeiription af the PrefBrred Egbodiffiignt 

The present invention is an improved stereolitho- 
graphic method and apparatus of the type for building up 
successive layers of photopolymer, where each layer is 
formed by drawing a series of vectors with a light pencil 
on the liquid surface that defines each cross-section of 
the object, wherein the improvement comprises reducing or 
eliminating curl. A number of techniques have been 
examined by building rails that are a series of layers of 
straight lines, and examining the resulting distortion. 
The force, or stress, in this case is generated at the 
interface where the photopolymer cures (and shrinks) and 
adheres to the layer below, as shown in the following 
diagram. 

Referring now to the drawings and particularly to 
FIGS. 1 and 2 thereof, light pencil 3 moves across liquid 
2 in the direction shown, converting it to solid 1. This 
forais a solid top layer 4, that adheres to lower layer 5. 
The term light pencil refers to synergistic stimulation 
such as UV light which impinges on the surface of the 
liquid photopolymer. 
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In the expanded diagram (FIG. 2), the light from the 
pencil is shown penetrating into the photopolymer, forming 
reactive region 6. Solid/liquid interface 9, or gel 
point, is indicated. However, the polymeric state of the 
5 material in the active region is more complex. All of the 
material in the region is reacting. The material at the 
upper left of the region is most reacted, because the 
light is most intense and the pencil has been in this area 
the most time. The material at the lower right, just 

10 above the lower layer, is the least reacted, because the 
light is the least intense and the pencil has been in this 
area the least time. 

As the material reacts, it changes density. This 
discussion assiimes that the density change causes 

15 shrinkage, but expansion is also possible. Reactive 
region 6 acts as a complex shrinking cylinder, and 
shrinkage 7 is toward the interior of this cylinder. In 
the lower left area of the reactive region 6, the new 
solid material of top layer 4 attaches to the lower layer 

20 5 with adhesion 8. 

When a layer forms without attaching to a layer 
below, there is no "curl" distortion because as the 
reactive region shrinks, it is only attached to (and 
constrained by) its own layer. In achieving this single 

25 layer "adhesion", the layer is placed in compression, but 
there is no bending moment generated. This is because all 
of the horizontal forces from the shrinking reaction have 
no firm base to grip other than the just formed layer, and 
the new solid reacting material is allowed to displace 

30 slightly to the left as it is formed. 

However, when a layer is formed and simultaneously 
attached to a lower layer, the portion of the attached 
material in the reactive region is still shrinking. This 
shrinking is now coupled to the rest of the rail two ways: 

35 a. The material directly over the adhesion point is 

shrinking, since this shrinking material now can use the 
top of the lower layer as a firm base, it puts compres- 
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sional stress into this base. As the new layer is formed, 
all of the top of the previous (lower) layer is com- 
pressed, and this causes a bending moment in the lower 
layer. 

b. The reactive region shrinks, and is attached to 
the now forming top layer. This region is pulled to the 
left, as when an unattached layer is formed. However, the 
reactive region is now also attached to the lower layer, 
so that it resists the movement to the left, and so the 
shrinking also pulls the top layer to the right. This 
causes a bending moment in the rail. . 

It should be noted that there are two types of 
shrinkage with photopolymer reactions. The first 
mechanism is that the polymer shrinks due to polymer bond 
15 formation. The result is that the solid polymer state is 
more dense than the liquid pre-polymer state, and hence a 
given amount of polymer takes up less volume than the 
pre-polymer that it was formed from. This shrinkage 
mechanism is essentially instantaneous compared to the 
20 time taken to generate laser patterns (i.e., less than a 
microsecond) . 

The second mechanism is a thermal effect. Photo- 
polymers are exothermic, so they give off heat when they 
react. This heat raises the temperature of the polymer, 
25 and it expands upon formation. The subsequent cooling and 
shrinkage has the same effect as the shrinkage due to the 
change of state, except it is slower, and is long compared 
to the time taken to generate laser patterns (seconds) . 
For the current photopolymers worked with, the change of 
30 state mechanism is the larger of the two types of 
shrinkage. 

A typical example of a stereolithographic 
photopolymer is DeSoto SLR800 stereolithography resin, 
made by DeSoto, Inc., 1700 South Mt. Prospect Road, Des 
35 Plaines, Illinois 60018. 
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Methods r,^ntr^^ ^T^ 

In accordance with the invention, when a stereolitho- 
graphy line which is part of a vertical or horizontal 
formation is drawn with breaks in the line instead of a 
5 solid line, a/k/a the "dashed line" technique, the pulling 
force normally transmitted along the vector is eliminated, 
and the curl effect is reduced. When a stereolithography 
line which is part of a vertical or horizontal formation 
is drawn with bends in the line instead of a straight 

10 line, a/k/a the "bent line" technique, the pulling force 
normally trcmsmitted along the vector is reduced, and the 
curl effect is reduced. When a stereolithography line 
which is part of a vertical or horizontal formation is 
drawn so that it does not adhere directly to the line 

15 below or beside it, but is attached, after it is formed, 
with a secondary structure, a/k/a the "secondary 
structure" technique, the pulling force down the vector is 
eliminated, the bending moment on the adjacent lines is 
reduced, and the curl effect is greatly reduced. When a 

20 stereolithography line which is part of a vertical or 
horizontal formation is drawn so that it does not adhere 
directly to the line below or beside it until the material 
is substantially reacted, a/k/a the "multi-pass" 
technique, the pulling force down the vector is reduced, 

2 and the structure is more rigid so it can resist curl-. 

The methods to control curl depend on building parts 
in ways so that the effects (a) and (b) above are 
eliminated or reduced. There are several simple examples 
of ways to draw rails with reduced curl; 1) a dashed line, 

30 to provide isolation of the pulling effect, 2) a line with 
short segments at angles to each other, to isolate the 
pulling effect, 3) lines that do not adhere to the layer 
below, to eliminate the pulling effect, but which are held 
together with other structure, and 4) lines that' are as 

35 fully reacted as possible before the exposure that extends 
the gel point (and adhesion) to the lower layer is 
applied. These techniques are referred to respectively as 
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the dashed line, bent line, secondary structure, and 
multi-pass techniques. These basic rails are further 
described hereinafter. 

A rail made with a dashed line is illustrated in 
5 FIG. 3. FIG. 4 shows a rail made with short segments at 
angles to each other. FIGS. 5a and 5b illustrates a rail 
made with lines that do not adhere to the layer below but 
which are held together with other structure. 

To understand how to react lines as fully as possible 

10 prior to their adhering to the line below, requires an 
under-standing of the solid formation process. The amount 
of reaction time taken to form a layer in 
stereolithography depends on the layer thickness, the 
adsorption rate of the incident reactant energy, and the 

15 reactant rate of the material. 

The thickness response curve to form a solid film on 
a liquid surface with incident reactant energy is a 
logarithmic function. The solid material at the 
liquid/solid interface is just at the gel point, and the 

20 solid material at the surface is the most reacted. After 
a film is formed, subsequent exposures increase the 
reaction at the surface, but extend the thickness of the 

film less and less. 

An effective way to control curl is to choose a layer 

25 thickness that is. large enough so that the bulk of the new 
top layer is highly cured (reacted). It is even more 
effective to cure this layer with multiple exposures so 
that only the last few exposures achieve the adhesion. 
In this case, most of the material in the reactive region 

30 has already changed density before adhesion occurs. Also, 
the new top layer and the lower layers are more fully 
cured and more able to resist deformation. 

In a presently preferred embodiment of the invention, 
a rail is built with two parallel walls close to each 

35 other, with exposure small enough so the layers do not 
adhere, and the walls are connected with short perpen- 
dicular vectors that are exposed to a depth great enough 
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SO that the layers adhere at these points and hold the 
structure together. 

In this method, the vectors for the two walls are 
both grown for each layer, and the adhesion is achieved by 
using additional exposure for the connecting vectors. 

This concept has been generalized as a part building 
method. In this method, a part is designed with an inner 
wall and an outer wall, and with connecting webs. The 
part built with the Basic program "Quarter Cylinder" 
attached hereto as Appendix J, described above is such a 
part. FIG. 7 of the drawings shows this part. This 
building style is referred to as "riveting", where the 
higher exposed connecting vectors are called rivets. 

In using this building style, when the inner and 
15 outer walls are exposed enough to cause adhesion, the 
amount of curl of the part depends on the amount of 
exposure beyond that required to make the polymer depth 
equal to the layer depth. That is, the more the walls are 
exposed beyond the point where the layer touches the layer 
below, the more the part curls. This is, in fact, the 
basis of a standard "curl test" for different resins 
described in more detail further on in this application. 
According to this test, a series of these quarter 
cylinders are built at different exposures, and the curl 
versus exposure is plotted. Using this test, it has been 
discovered that different resin formulas curl differently, 
and this allows the selection of the best resins. 

Also note that the methods described herein to reduce 
curl are also applicable to the technique of building 
parts by fusing metal or plastic powder with a heat 
generating laser. In fact, the powder fusing technique 
may be even more susceptible to curl than by building with 
photopolymers, and the curl reduction techniques are 
needed even more with this method. 

Note also that with the general building algorithms 
as set forth in the previously described related 
co-pending applications, specifically S.N. 182,830, its 
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CIP, S.N. 269,801, and its continuation, Lyon & Lyon Dkt. 
Mo. 186/195, a part can be designed by CAD, sliced using 
X-axis hatch and 60 degree and 120 degree hatch, and with 
an appropriate MIA specified to produce near radial 
cross-hatch. If this part is then exposed with large 
exposure for the cross-hatch and lower exposure for the 
boundaries, then the part building method described in the 
paragraphs above has been implemented via CAD design. 
FIG. 8 of the drawings illustrates an overall stereolitho- 
graphy system suitable for this purpose which is described 
in more detail in the above-referenced co-pending 
appl icat ions . 

Variations of the basic invention are possible, such 
as the broken lines or bent lines can be "filled" with 

15 lower exposure dashed lines to even out the surface 
structure. Dashed or broken lines can be used as the 
support lines that do not adhere directly to the line 
below or next to them. The unsupported lines are 
connected to the support lines with small additional 

20 structure lines. The secondary structure to attach 
unsupported lines can be "rivets" of higher exposure on 
top of these lines to connect them to the lines below. 

Thinner layers can be formed by adjusting the 
absorption of the material so that a given exposure 

25 produces a thinner film, while the material near the top 
surface is still almost fully reacted. 

The various methods described to control curl are 
additive. That is, if two or more of them are combined, 
the curl is reduced even further. Also, there are many 

30 other possible variations of the described techniques. 

An example of one embodiment of a commercial system, 
provided by 3D Systems, Inc. of Sylmar, California, 
embodying the present invention, is illustrated and 
described by the enclosed appendices, wherein Appendix A 

35 are manuals describing the overall system for an early 
Model SLA-1 Beta Site Stereo lithography System, including 
installation and operation. Appendix B is the first draft 
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of the SLA-1 Software Manual together vith an addendum for 
use with earlier system, Appendix C is a listing of 
Version 2.62 of the software for running an early version 
of the stereolithography system. Appendix E is a list of 
5 non-3 D Systems software vendors for the Model SLA-1 
Stereolithography System, FIGS. 65a-^65f is a "Slice" Flow 
Chart Implementing Style 1, FIGS. 66a-66f is a "Slice" 
Plow Chart Implementing Style 2, Appendix I is a 
Stereolithography CAD/CAM Interface Specification for a 
10 suitable interface between CAD/CAM equipment and the Model 
SLA-l Stereolithography System, and Appendix J is a 
program listing for producing a quarter cylinder which is 
used to measure the effectiveness of different anti-ctirl 
techniques. 

15 Referring now to the drawings, and particularly to 

FIG. 9 of the drawings, there is shown a block diagram of 
an overall stereolithography system suitable for 
practicing the present invention. A CAD generator 2 and 
appropriate interface 3 provide a data description of the 

20 object to be formed, typically in PHIGS format, via 
network communication such as ETHERNET or the like to an 
interface computer 4 where the object data is memipulated 
to optimize the data and provide output vectors which 
reduce stress, curl and distortion, and increase 

25 resolution, strength, accuracy, speed and economy of 
reproduction, even for rather difficiat and complex object 
shapes. The interface computer 4 generates layer vector 
data by successively slicing, varying layer thickness, 
rounding polygon vertices, filling, generating flat skins, 

30 near-flat skins, up-facing and down-facing skins, scaling, 
cross-hatching, offsetting vectors and ordering of 
vectors . 

The vector data and parameters from the computer 4 
are directed to a controller subsystem 5 for operating the 
35 system stereolithography laser, mirrors, elevator and the 
like. 
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FIGS. 10 and 11 are flow charts illustrating the 
basic system of the present invention for generating 
three-dimensional objects by means of stereolithography. 
Many liquid state chemicals are known which can be 
5 induced to change to solid state polymer plastic by 
irradiation with ultraviolet light (UV) or other forms of 
synergistic stimulation such as electron beams, visible or 
invisible light, reactive chemicals applied by ink jet or 
via a suitable mask. UV curable chemicals are currently 
used as ink for high speed printing, in processes of 
coating of paper and other materials, as adhesives, and in 
.other specialty areas. 

Lithography is the art of reproducing graphic 
objects, using various techniques. Modern examples 
15 include photographic reproduction, xerography, and 
microlithography, as is used in the production of 
microelectronic circuit boards. computer generated 
graphics displayed on a plotter or a cathode ray tube are 
also forms of lithography, where the image is a picture of 
20 a computer coded object. 

Computer aided design (CAD) and computer aided 
manufacturing (CAM) are techniques that apply the 
capabilities of computers to the processes of designing 
and manufacturing. A typical example of CAD is in the 
2 area of electronic printed circuit design, where a 
computer and plotter draw the design of a printed circuit 
board, given the design parameters as computer data input. 
A typical example of CAM is a numerically controlled 
milling machine, where a computer and a milling machine 
30 produce metal parts, given the proper programming 
instructions. Both CAD and CAM are important and are 
rapidly growing technologies. 

A prime object of the present invention is to harness 
the principles of computer generated graphics, combined 
with the use of UV curable plastic and the like, to 
simultaneously execute CAD and CAM, and to produce three- 
imensional objects directly from computer instructions. 
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This invention, referred to as stereolithography, can be 
used to sculpture models and prototypes in a design phase 
of product development, or as a manufacturing device, or 
even as an art form. The present invention enhances the 
5 developments in stereolithography set forth in U.S. Patent 
No. 4,575,330, issued March 11, 1986, to Charles W. Hull, 
one of the inventors herein. 

Referring now more specifically to FIG. 10 of the 
drawings, the stereolithographic method is broadly 

10 outlined. Step 8 calls for generation of CAD or other 
data, typically in digital form, representing a three- 
imensional object to be formed by the system. This CAD 
data usually defines surfaces in polygon format, triangles 
and normals perpendicular to the planes of those 

15 triangles, e.g., for slope indications, being presently 
preferred, and in a presently preferred embodiment of the 
invention conf oxnas to . the Programmer * s Hierarchial 
Interactive Graphics System (PHIGS) now adapted as an ANSI 
standard. This standard is described, by way of example, 

20 in the publication "Understanding PHIGS", published by 
Template, Megatek Corp,, San Diego, California, which is 
hereby fully incorporated by reference herein as though 
set forth in full. 

In Step 9, the PHIGS data or its equivalent is 

25 converted, in accordance with the invention, by a unique 
conversion system to a modified data base for driving the 
stereolithography output system in forming three- 
imensional objects. In this regard, information defining 
the object is specially processed to reduce stress, curl 

30 and distortion, and increase resolution, strength and 
accuracy of reproduction. 

Step 10 in FIG. 10 calls for the generation of 
individual solid laminae representing cross-sections of a 
three-dimensional object to be formed. Step 11 combines 

35 the successively formed adjacent lamine to form the 
desired three-dimensional object which has been programmed 
into the system for selective curing. 
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Hence, the stereolithographic system of the present 
invention generates three-dimensional objects by creating 
a cross-sectional pattern of the object to be formed at a 
selected surface of a fluid medium, e.g., a UV curable 
5 liquid or the like, capable of altering its physical state 
in response to appropriate synergistic stimulation such as 
impinging radiation, electron beam or other particle 
bombardment, or applied chemicals (as by ink jet or 
spraying over a mask adjacent the fluid surface) , 
10 successive adjacent laminae, representing corresponding 
successive adjacent cross-sections of the object, being 
automatically formed and integrated together to provide a 
step-wise laminar or thin layer buildup of the object, 
whereby a three-dimensional object is formed and drawn 
15 from a substantially planar or sheet-like surface of the 
fluid medium during the forming process. 

The aforedescribed technique illustrated in FIG. 10 
is more specifically outlined in the flow chart of FIG. 
11, where again Step 8 calls for generation of CAD or 
20 other data, typically in digital form, representing a 
three-dimensional object to be formed by the system. 
Again, in Step 9, the PHIGS data is converted by a unique 
conversion system to a modified data base for driving the 
stereolithography output system in forming 
25 three-dimensional objects. Step 12 calls for containing 
a fluid medium capable of solidification in response to 
prescribed reactive stimulation. Step 13 calls for 
application of that stimulation as a graphic pattern, in 
response to data output from the computer 4 in FIG. 9, at 
30 a designated fluid surface to form thin, solid, individual 
layers at that surface, each layer representing an 
adjacent cross-section of a three-dimensional ob'ject to be 
produced. In the practical application of the invention, 
each lamina will be a thin lamina, but thick enough to be 
35 adequately cohesive in forming the cross-section and 
adhering to the adjacent laminae defining other 
cross-sections of the object being formed. 
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Step 14 in FIG. 13 calls for superimposing successive 
adjacent layers or laminae on each other as they are 
forced to integrate the various layers and define the 
desxred three-dimensional Object. In the normal practice 
Of the invention, as the fluid medium cures and solid 
materxal forms to define one lamina, that lamina is moved 
away from the working surface of the fluid medium and the 
next lamina is formed in the new liquid which replaces the 

10 L'lT?' ^° — lamina 

xs superimposed and integral with (by virtue of the 

natural adhesive properties of the cured fluid medium) all 
Of the other cross-sectional . laminae. of course, as 
previously indicated, the present invention also deals 
with the problems posed in transitioning between vertical 
15 and horxzontal. 

The process of producing such cro«.-,.ctlonal lamina. 
" rep«tea over and over again until the entire three- 
a^nsional object has been formed. The object is then 
»»oved and the system is ready to produce another object 
20 «blch may be identical to the previous object or may b^ an 
•ntirly new object formed by changing tb. program 
controlling the stereolithographic system. 

PIGS. 12-13 Of the drawings illustrate various 
IB implementing the stereolithographic 

the systems and flow 

charts of pigs. 1-3. 

T ^""^"""^y indicated, »St.r«,Uthography.. Is a 
-ethod and apparatus for making solid objects by 
successively -printing" thin layer, of a curable material! 
e.g., a uv curable material, one on top of the other. A 
programmable movable spot beam of uv ligbt shining on a 

" °* "'"i'* i» to form a 

soUd cross-section of the object at the surface of the 

a^ay from the Uguid surface by the thickness of on. layer 
and th. next cross-section is then fonwd and adhered to 
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the immediately preceding layer defining the object. This 
process is continued until the entire* object is formed. 

Essentially all types of object forms can be created 
with the technique of the present invention. Complex 
5 forms are more easily created by using the functions of a 
computer to help generate the programmed commands and to 
then send the program signals to the stereolithographic 
object forming subsystem. 

The data base of a CAD system can take several forms. 

10 one form, as previously indicated, consists of represent- 
ing the surface of an object as a mesh of triangles 
(PHIGS) . These triangles completely form the inner and 
outer surfaces of the object. This CAD representation 
also includes a unit length normal vector for each 

15 triangle. The normal points away from the solid which the 
triangle is bounding. This invention provides a means of 
processing such CAD data into the layer-by-layer vector 
data that is necessary for forming objects through 
stereolithography . 

20 For stereolithography to successfully work, there 

must be good adhesion from one layer to the next. Hence, 
plastic from one layer must overlay plastic that was 
formed when the previous layer was built. In building 
models that are made of vertical segments, plastic that is 

25 formed on one layer will fall exactly on previously formed 
plastic from the preceding layer, and thereby provide good 
adhesion. As one starts to make a transition from 
vertical to horizontal features, using finite jumps in 
layer thickness, a point will eventually be reached where 

30 the plastic formed on one layer does not make contact with 
the plastic formed on the previous layer, and this causes 
severe adhesion problems. Horizontal surfaces themselves 
do not present adhesion problems because by being 
horizontal, the whole section is built on one layer with 

35 side-to-side adhesion maintaining structural integrity. 
This invention provides a general means of insuring 
adhesion between layers when making transitions from 
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vertical to horizontal or horizontal to vertical sections, 
as well as providing a way to completely bound a surface 
and ways to reduce or eliminate stress and strain in 
formed parts. 

5 A presently preferred embodiment of a new and 

improved stereolithographic system is shown in eievational 
cross-section in FIG. 12. A container 21 is filled with 
a UV curable liquid 22 or the like, to provide a 
designated working surface 23. A programmable source of 
10 Ultraviolet light 26 or the like produces a spot of 
Ultraviolet light 27 in the plane of surface 23. The spot 

27 IS movable across the surface 23 by the motion of 
mirrors or other optical or mechanical elements (not shown 
in FIG. 12) used With the light source 26. The position 
Of. the spot 27 on surface 23 is controlled by a computer 
control system 28. As previously indicated, the system 

28 may be under control of CAD data produced by a 
generator 20 in a CAD design system or the like and 
directed in phigs format or its equivalent to a 

20 computerized conversion system 25 where information 
defining the object is specially processed to reduce 
stress, curl and distortion, and increase resolution, 
strength and accuracy of reproduction. 

A movable elevator platform 29 inside container 21 
can be moved up and down selectively, the position of the 
Platform being controlled by the system 28. As the device 
operates, it produces a three-dimensional object 30 by 
step-wise buildup of integrated laminae such as 30a, 30b, 

The surface of the UV curable liquid 22 is maintained 
at a constant level in the container 21, and the spot of 
light 27, or other suitable form of reactive 
stimulation, of sufficient intensity to cure the liquid 
and convert it to a solid material, is moved across the 
working surface 23 in a programmed manner. As the liquid 
22 cures and solid material forms, the elevator platform 
29 that was initially just below surface 23 is moved down 
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from the surface in a programmed manner by any suitable 
actuator. In this way, the solid material that was 
initially formed is taken below surface 23 and new liquid 
22 flows across the surface 23. A portion of this new 
5 liquid is, in turn, converted to solid material by the 
programmed UV light spot 27, and the new material 
adhesively connects to the material below it. This 
process is continued until the entire three-dimensional 
object 30 is formed. The object 30 is then removed from 
10 the container 21, and the apparatus is ready to produce 
another object. Another object can then be produced, or 
some new object can be made by changing the program in the 
computer 28. 

The curable liquid 22, e.g., UV curable liquid, must 

15 have several important properties: (A) It must cure fast 
enough with the available UV light source to allow 
practical object formation times. (B) It must be 
adhesive, so that successive layers will adhere to each 
other. (C) Its. viscosity must be low enough so that fresh 

20 liquid material will quickly flow across the surface when 
the elevator moves the object. (D) It should absorb UV 
light so that the film formed will be reasonably thin. 
(E) It must be reasonably insoluble in that same solvent 
in the solid state, so that the object can be washed free 

25 of the UV cure liquid and partially cured liquid after the 
object has been formed. (F) It should be as non-toxic and 
non-irritating as possible. 

The cured material must also have desirable 
properties once it is in the solid state. These 

30 properties depend on the application involved, as in the 
conventional use of other plastic materials. Such 
parameters as color, texture, strength, electrical 
properties, flammability , and flexibility are among the 
properties to be considered. In addition, the cost of the 

35 material will be important in many cases. 

The UV curable material used in the presently 
preferred embodiment of a working stereolithography system 
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(e*g., FIG- 12) is DeSoto SLR 800 stereolithography resin, 
made by DeSoto, Inc. of Des Plains, Illinois. 

The light source 26 produces the spot 27 of UV light 
small enough to allow the desired object detail to be 
5 formed, and intense enough to cure the UV curable liquid 
being used quickly enough to be practical . The source 26 
is arranged so it can be programmed to be turned off and 
on, and to move, such that the focused spot 27 moves 
across the surface 23 of the liquid 22. Thus, as the spot 
10 27 moves, it cures the liquid 22 into a solid, and "draws" 
a solid pattern on the surface in much the same way a 
chart recorder or plotter uses a pen to draw a pattern on 
paper. 

The light source 26 for the presently preferred 
15 embodiment of a stereolithography system is typically a 
helium-cadmium ultraviolet laser such as the Model 4240'-N 
HeCd Multimode Laser, made by Liconix of Sunnyvale, 
California. 

In the system of FIG. 12, means may be provided to 

20 keep the surface 23 at a constant level and to replenish 
this material after an object has been removed, so that 
the focus spot 27 will remain sharply in focus on a fixed 
focus plane, thus insuring maximum resolution in forming 
a high layer along the working surface. In this regard, 

25 it is desired to shape the focal point to provide a region 
of high intensity right at the working surface 23, rapidly 
diverging to low intensity and thereby limiting the depth 
of the curing process to provide the thinnest appropriate 
cross-sectional laminae for the object being formed. 

30 The elevator platform 29 is used to support and hold 

the object 30 being formed, and to move it up and down as 
required. Typically, after a layer is formed, the object 
30 is moved beyond the level of the next layer to allow 
the liquid 22 to flow into the momentary void at surface 

35 23 left where the solid was formed, and then it is moved 
back to the correct level for the next layer. The 
requirements for the elevator platform 29 are that it can 
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be moved in a progranmed fashion at appropriate speeds, 
with adequate precision, and that it is powerful enough to 
handle the weight of the object 30 being formed. In 
addition, a manual fine adjustment of the elevator 
5 platform position is useful during the set-up phase and 
when the object is being removed. 

The elevator platform 29 can be mechanical, 
pneumatic, hydraulic, or electrical and may also be 
optical or electronic feedback to precisely control its 
10 position. The elevator platform 29 is typically 
fabricated of either glass or aluminum, but any material 
to which the cured plastic material will adhere is 
suitable. 

A computer controlled pump (not shown) may be used to 

15 maintain a constant level of the liquid 22 at the working 
surface 23. Appropriate level detection system and 
feedback networks, well known in the art, can be used to 
drive a fluid pump or a liquid displacement device, such 
as a solid rod (not shown) which is moved out of the fluid 

20 medium as the elevator platform is moved further into the 
fluid mediuiB, to offset changes in fluid volume and 
maintain constant fluid level at the surface 23. 
Alternatively, the source 26 can be moved relative to the 
sensed level 23 and automatically maintain sharp focus at 

25 the working surface 23. All of these alternatives can be 
readily achieved by appropriate data operating in 
conjunction with the computer control system 28. 

After the three-dimensional object 30 has been 
formed, the elevator platform 29 is raised and the object 

30 is removed from the platform for post processing. 

As will be apparent from FIG. 13 of the drawings, 
there is shown an alternate configuration of a 
stereolithography system wherein the UV curable liquid 22 
or the like floats on a heavier UV transparent liquid 32 

35 which is non-miscible and non-wetting with the curable 
liquid 22. By way of example, ethylene glycol or heavy 
water are suitable for the intermediate liquid layer 32. 
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In the system of FIG, 12, the three-dimensional object 30 
is pulled up from the liquid 22, rather than down and 
further into the liquid medium, as shown in the system of 
FIG. 11. 

5 The UV light source 26 in FIG. 13 focuses the spot 27 

at the interface between the liquid 22 and the 
non-miscible intermediate liquid layer 32, the UV 
radiation passing through a suitable DV transparent window 
33, of quartz or the like, supported at the bottom of the 

10 container 21. The curable liquid 22 is provided in a very 
thin layer over the non-miscible layer 32 and thereby has 
the advantage of limiting layer thickness directly rather 
than relying solely upon adsorption and the like to limit 
the depth of curing since ideally an ultrathin lamina is 

15 to be provided. Hence, the region of formation will be 
more sharply defined and some surfaces will be formed 
smoother with the system of FIG. 5 than with that of FIG. 
12. In addition, a smaller volume of UV curable liquid 22 
is required, and the substitution of one curable material 

20 for another is easier. 

The new and improved stereolithographic method and 
apparatus has many advantages over currently used methods 
for producing plastic objects. The method avoids the need 
of producing tooling drawings and tooling. The designer 

25 can work directly with the computer - and a 
stereolithographic device, and when he is satisfied- with 
the design as displayed on the output screen of the 
computer, he can fabricate a part for direct examination, 
information defining the object being specially processed 

30 to reduce curl and distortion, and increase resolution, 
strength and accuracy of reproduction. If the design has 
to be modified, it can be easily done through the 
computer, and then another part can be made to verify that 
the change was correct. If the design calls for several 

35 parts with interacting design parameters, the method 
becomes even more useful because all of the part designs 
can be quickly changed and made again so that the total 



J ^ PCr/US89/015S8 



35 

assembly can be made and examined, repeatedly if 
necessary. 

After the design is complete, part production can 
begin immediately, so that the weeks and months between 
5 design and production are avoided. Ultimate production 
rates and parts costs should be similar to current 
injection molding costs for short run production, with 
even lower labor costs than those associated with 
injection molding. Injection molding is economical only 

10 when large numbers of identical parts are required. 
Stereolithography is particularly useful for short run 
production because the need for tooling is eliminated and 
production set-up time is minimal. Likewise, design 
changes and custom parts are easily provided using the 

15 technique. Because of the ease of making parts, 
stereolithography can allow plastic parts to be used in 
many places where metal or other material parts are now 
used. Moreover, it allows plastic models of objects to be 
quickly arid economically provided, prior to the decision 

20 to make more expensive metal or other material parts. 

It will be apparent from the foregoing that, while a 
variety of stereolithographic systems have been disclosed 
for the practice of the present invention, they all have 
in common the concept of drawing upon a substantially 

2 3 two-dimensional surface and extracting a three-dimensional 
object from that surface. 

The present invention satisfies a long existing need 
in the art for a CAD and CAM system capable of rapidly, 
reliably, accurately and economically designing and 

30 fabricating three-dimensional plastic parts and the like, 
and reducing stress and curl. 

An embodiment of the multi-pass curl reduction 
technique described earlier will now be described. In 
this embodiment, a layer of liquid resin is incrementally 

35 cured to a particular depth through multiple passes of a 
UV laser beam over the resin such that the layer does not 
adhere to an adjacent already-cured layer below on the 
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first pass. Instead, adhesion is achieved at a later 
pass, and in fact, additional passes after adhesion has 
been achieved are possible to achieve even more adhesion. 
For example, for a layer thickness of 20 mils, adhesion 
5 will be achieved when enough passes have been made to 
incrementally cure the layer down to 20 mils. However, 
even after adhesion has been achieved, additional passes 
can be made to cause the layer to penetrate another 6 mils 
into the already-cured layer below to achieve even greater 
10 adhesion betwen the layers. As a result, a cure depth of 
26 mxls is achieved even though the layer thickness may 
only be 20 mils. 

Multi-pass reduces curl in two ways. First, multi- 
pass cures a layer incrementally, and enables the top 
portions Of a layer to cure without transmitting stress to 
previously cured layers, with reference to Figure I4a 
When layer 100 is cured in a single pass, the resin making 
up the layer will simultaneously shrink and adhere to 
layer loi, causing stress to be transmitted to this layer 
20 The result is that, unless layer loi is somehow anchored 
to resist the transmittal of stress, both layers will curl 
upwards as illustrated in Figure I4b. If layer lOO were 
cured on multiple passes, on the other hand, it could be 
cured without transmitting a significant amount of stress 
25 to layer lOl. with reference to Figure I5a, through 
multi-pass, layer lOO could be cured almost to the point 
of adhering to layer lOl, but separated from it by 
distance 102, which could be on the order of a few mils. 
Then, in a subsequent pass, the layers would be adhered to 
one another, but since the amount of resin which is cured 
on the final pass is small, there will be less shrinkage 
on the final pass compared with a single pass, and 
therefore less stress transmitted to the lower layer. 

The second way multi-pass reduces curl is that when 
the adhesion pass is made, the resin being cured on the 
adhesion pass will be sandwiched in between a rigid 
already-cured layer below, and the rigid already-cured 
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portion of the present layer above- With reference to 
FIG. ISb, the curing of this resin will simultaneously 
introduce stresses to both the upper and lower cured 
layers, which will tend to cancel each other out. For 
5 example, lower layer 101 will tend to bend upwards, while 
upper layer 100 will tend to bend downwards as indicated. 
The result is that these effects will tend to offset each 
other as the force tending to curl layer 101 upwards will 
be counter-balanced by the rigidity of the already-cured 

10 portion of layer 100, whereas the force tending to curl 
layer 100 downwards will be counter-balanced by the 
rigidity of lower layer 101. 

A possible embodiment of multi-pass is to provide 
only two passes for a given layer, with adhesion (and 

15 possible over-curing to penetrate into the next layer for 
better adhesion) occurring on the second pass. In this 
embodiment, it is preferable to cure a layer on a first 
pass so it is a close as possible, i.e. within 1 mil, to 
the bottom layer, which layer is then adhered to the 

20 bottom layer on the second pass. 

A preferred embodiment of multi-pass is to provide 
more than two passes, i.e. four or five passes, for a 
given layer, such that after the first pass, an 
incremental amount of the uncured gap between the layers 

25 is incrementally cured on sxibsequent passes until a gap of 
only about two to three mils remains. Then, in a 
subsequent pass, the remaining two to three mil gap is 
cured, and adherence is achieved. 

In deciding whether to implement multi-pass with only 

30 two passes, or with more than two passes, it is important 
to consider the precision with which the cure depth for 
a given layer can be estimated and/or controlled. If the 
cure depth can only be estimated with a precision of two 
to three mils, for example, then in the two-pass 

35 embodiment, there is a danger that adherence will be 
achieved on the first pass, which would defeat the 
purposes of using multi-pass in the first instance, and 



WQ 89/10801 



PCr/US89/01558 



38 



would also result in curl. Of course, there is a danger 
than in the preferred multi-pass embodiment described 
above, that adherence could be achieved before the desired 
pass (which desired pass may not be the final pass if 
5 over-curing into the next layer is effectuated) because of 
the in^recision in estimating cure depth, but this is much 
less of a problem than in the two pass case, since in the 
pass during which adherence takes place, only a very small 
amount of resin will typically be cured, and only a very 
10 small amount of stress will therefore be transmitted to 
the lower layer. In the two pass case, on the other hand, 
in general, a large amount of liquid resin will be cured 
on the first pass, so that adherence during this pass can 
result in a large amount of curl since the stress 
15 transmitted to the lower layer depends on the amount of 
resin cured when adherence takes place. The reason why a 
lot of resin will be cured on the first pass in the two 
pass case is that, as discussed earlier, it is important 
in this embodiment to try to cure down' to within a few 
mils of the layer below on the first pass, so that in the 
second pass, when adherence is achieved, only a small 
amount of resin will be cured. Therefore, on the first 
pass, a large volume of resin will typically be cured with 
the aim of curing to within a few mils of the lower layer. 
25 For a 20 mil layer thickness, this requires that the 
first pass penetrate approximately 18-19- mils towards the 
layer below, which represents a much larger volume of 
liquid resin. 

In the preferred multiple pass embodiment, on the 
other hand, it is not necessary for the first pass to 
bring the layers to within a few mils of each other. 
Instead, a wider gap can be left after the first pass, and 
it will be left up to subsequent passes to bring the 
layers to within a few mils of each other, and ultimately 
35 adhere. Therefore, if adherence takes place at all before 
the desired pass, it will surely not take place on the 
first pass, when a large amount of liquid resin will be 
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resin has a different index of refraction compared with 
the liquid resin. In a multi-pass . implementation, during 
the intermediate passes, the laser beam will pass through 
the resin which has already been cured on previous passes, 
5 and the cured resin, as mentioned above, will act as a 
lens, and will focus the OV laser light, causing it to 
achieve a greater cure depth penetration than predicted 
using Beer's Law. 

The lensing effect can be illustrated with respect to 

10 FIG. 16, in which, compared to previous Figures, like 
elements are identified vith like reference numerals. 
FIG. 16a shows cured resin 103 produced by a single pass 
of the OV laser at a particular exposure. The cure depth 
achieved is identified as T^. 

15 FIG. 16b shows the cured resin produced by multiple 

passes of the UV laser beam, where the increase in the 
cure depth at each pass is identified with reference 
numerals 103a, 103b, 103c, and 103d, respectively. If it 
is assximed that the sum of the incremental exposures 

20 applied at each pass equals the exposure applied in the 
single pass of FIG. 16a, based on Beer's Law, it would be 
expected that Tj would equal T,. However as illustrated, 
because of the lensing effect, T^ will be greater than T^ 
by an increment indicated as Tj, which will be on the order 

2 7 of 2-3 mils. 

Another reason, for imprecision is due to bleaching of 
the photoinitiator component of the resin (a/k/a "photo- 
bleaching") , which can occur as the resin is exposed many 
times through the multiple passes of the UV light. 

30 Because of photo-bleaching, less UV light will be absorbed 
by the photoinitiator than predicted, with the result that 
the laser light will penetrate deeper into the resin than 
predicted • 

A third reason for imprecision is variations in the 
35 intensity of the light produced by the laser, which, in 
turn, are caused by power fluctuations in the output of 
the laser. 



wo 89/10801 



PCr/US89/01558 



41 

For example, a laser presently used in the SLA-250, 
a commercial stereolithography apparatus manufactured by 
3D Systems, Inc,, has a continuous power output of 
approximately 20 mW. Because of power fluctuations, the 
5 laser output may be punctuated by 16-28 mW power bursts. 
In the SLA-250, the laser beam is directed to step across 
the surface of the liquid resin in incremental steps, and 
to then remain stationary for a given time period after 
each step. The exposure for the laser on an infinitesimal 
10 part of the liquid surface will be directly proportional 
to the laser output power multiplied by the step period 
divided by the step size. In other words, for a given 
laser output power, the exposure to the resin can be 
increased either by increasing the step period or 
15 decreasing the step size. Therefore, the fluctuations in 
laser output power will show up directly as fluctuations 
in exposure, with the result that the cure depth may vary 
by a few mils from what is expected because of these 
fluctuations. 

20 In sum, the combined impact of the lensing effect, 

the bleaching of the photoinitiator, and power 
fluctuations of the laser output result in imprecision in 
estimating cure depth, so that, as a practical matter, it 
is prefereOjle to implement multi-pass with more than two 

25 passes. 

Another possible embodiment of multi-pass is to keep 
the laser exposure on each pass uniform. In many 
instances, however, uniform exposure on each pass will not 
be possible because of the impact of Beer's Law, according 

30 to which uniform increments of exposure at each pass will 
not lead to uniform increments in cure depth. Instead, 
much more will be cured on the first pass than on 
subsequent passes. For example, it is entirely possible 
for a first pass to cure 90% of the layer thickness, for 

35 a second pass to cure 90% of the uncured gap which remains 
left over after the first pass, and for a third pass to 
cure 90% of the remaining uncured gap left over after the 
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second pass^ etc. The result is that with uniform 
exposure, a layer may adhere only aftef two passes, with 
the additional passes resulting in even more adherence 
between the layers* As a result, in general, an 
5 embodiment where non<*uniform exposures are possible on the 
various passes will be preferable. 

Several examples will now be provided showing the 
advantage of providing the option of non-uniform exposures 
on the various passes. These examples all assume that the 
10 desired layer thickness is 20 mils, that each layer is 
over cured so that it penetrates 6 mils an adjacent, lower 
layer, that a cure depth of 26 mils will be achieved 
through an accumulated exposure level of 1, and that the 
doubling of the exposure will result in a 4 mil 
15 incremental increase in the cure depth. Based on these 
assumptions, the following relationship between cure depth 
and exposure level results: 

Cuye depth AccvimuJtated Exposure 

26 mils 1 
20 . 22 mils i/i2 

18 mils 1/4 
14 mils 1/8 
10 mils 1/16 
In all the examples, it will be assumed that the 
25 accumulated exposure from all the passes will be 1, so 
that the cure depth, after all the passes have taken 
place, will be 26 mils. The ntimber of passes, and the 
incremental exposure at each pass are the variables 
changed in the exctmples. Therefore, in the examples, 
30 exposure refers to the incremented exposure applied on a 
particular pass, not the accumulated exposure applied up 
to and including this pass. 

The first set of examples are for a two-pass 
embodiment of multi-pasis. 
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Example l^) Two passes, uniform exposure 
pass exposure cure depth 

1 1/2 22 mils 

2 1/2 26 mils 

5 Since this example (which shows a uniform exposure at 

each pass of 1/2) will achieve a cure depth of 22 mils on 
the first pass, which is greater than the layer thickness 
of 20 mils, it is not a preferable implementation of 
multi-pass because the layer will adhere on the first 
10 pass. 

Example 2.^ Two passes, non-unifo rm exposure 
pass exposure cure depth 

1 1/4 18 mils 

2 3/4 8 mils 

15 Since the cure depth on the first pass is only 18 

mils, this example is an acceptable implementation. 

Example 3-^ Two passes, non-uni form exposure 
pass exposure cure depth 

1 1/8 14 mils 

20 2 7/8 12 mils 

Since the cure depth on the first pass is only 14 
mils^ this example is also an acceptable implementation. 

A comparison of Examples 2.) and 3.) indicates that 
Example 2 . ) may be preferable since the top layer is cured 
25 closer to the bottom layer after the first pass, so that 
on the second pass, when adherence occurs, less resin will 
have to be cured. In fact, if cure depth could be 
precisely estimated on the first pass, the optimum 
solution would require the exposure on the first pass to 
30 be in the range of 1/4-1/2, which would leave even less of 
a gap between the layers after the first pass. However, 
because of the imprecision in estimating cure depth 
discussed above, it is preferable for the exposure on the 
first pass to be closer to 1/4. rather than 1/2. 
35 Therefore, Example 2.) is a preferred implementation 
compared with Example 3 .) • 

The next set of examples are for three passes. 
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Example 4.^ Three passes, uniform exposure 
pass exposure cure depth 

1 1/3 19.7 mils 

2 1/3 23.7 mils 
5 3 1/3 26 mils 

As indicated, this example may not an acceptable 
implementation because adhesion occurs on the second pass, 
and in addition, due to the degree of imprecision 
involved, because some adhesion may, in all likelihood, 
10 occur on the first pass since the 19.7 mil cure depth is 
so close to the layer thickness of 20 mils. Since there 
is a significant danger that adhesion may occur on the 
first pass, when the amount of liquid resin which is cured 
is great, this example is not a preferred embodiment of 
15 multi-pass. 

Example S.) Three passes, non-uniform exposure 
pass exposure cure depth 

1 1/4 18 mils 

2 1/4 22 mils 
20 3 1/2 26 mils 

In this example, since the cure depth after the 
second pass is 22 mils, adherence will occur on the second 
pass, which may not be acceptable if adherence is desired 
on the third pass. On the other hand, because the first 
25 pass achieved a cure depth of 18 mils, the amount of 
plastic being cured during the second pass is not great, 
so the cure introduced by adherence on the second pass is 
not likely to be dramatic. 

Example 6.) Three passes > non-uniform exposure 



pass 


exposure 


cure depth 


1 


1/4 


18 mils 


2 


1/8 


20.3 mils 


3 


5/8 


26 mils 



Since the cure depth after the second pass is 20.3 
35 mils, there with probably be some adhesion after the 
second pass, although the amount of resin being cured on 
the second pass will be small since the first pass is 
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estimated to have achieved a cure depth of 18 mils. In 
addition^ because of the imprecision ^n estimating cure 
depth, it is possible that adherence will not occur at all 
on the second pass. 
5 Example 7.^ Three passes, non-uni form exposure 

pass exposure cure depth 

1 1/4 18 mils 

2 1/16 19.3 mils 

3 11/16 26 mils 

10 Since the cure depth after the second pass is only 

19.3 mils, this example is an acceptable implementation, 
although there may be some adhesion after the second pass 
because of the imprecision of estimating cure depth. 
However, even if there were some adhesion on the second 

15 pass, the amount of resin being cured on the second pass 
will not be great, the first pass having already achieved 
a cure depth of 18 mils. 

Example 8.) Three passes, non-uniform exposure 
pass exposure c^r^ ^epth, 

20 1 1/16 10 mils 

2 1/16 14 mils 

3 14/16 26 mils 

This example is an acceptable implementation since 
the cure depth after the second pass . is only 14 mils. 

2: However, a 6 mil . thick volume of resin will have to be 
cured on the third pass when adhesion occurs, which can 
introduce a significant amount of curl. Therefore, 
Example 7.) is a preferable implementation, since much 
less resin will have to be cured on the third pass. 

30 In sum, the above examples demonstrate that non- 

uniform exposure levels on the various passes is 
preferable to an implementation which requires uniform 
exposure levels on the various passes, since, in many 
instances, uniform exposures will result in adhesion too 

35 early. Also, the above examples were provided for 
illustrative purposes only, and are not intended to be 
limiting. 
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A consideration in choosing exposure levels for the 
multiple passes is to avoid downward curl, a problem that 
can occur on a given pass if the cure depth achieved in 
previous passes is so small, that the curing of the liquid 
5 resin that takes place on later passes will cause the 
resin cured on the previous passes to bend downwards « In 
fact, if downward bending is large enough, then adhesion 
to the lower layer can occur sooner than expected, which 
as described above, can introduce even more stress into 

10 the part by introducing upward curl of the bottom layer. 
This problem will be particularly acute if the incremental 
cure depth at each pass is uniform since, in this 
instance, the cured resin from the previous passes will 
(except for the first pass) be relatively thin, and 

15 therefore more easily bent by the curing during the later 
passes. 

In addition, the amount of downward bending will be 
dependent on the amount of resin which is cured during the 
later passes, since the more resin which is cured on the 

20 later passes, the more stress which is transmitted to the 
resin cured by the earlier passes. However, particularly 
where multi-pass is implemented with more than two passes, 
the amount of resin cured during the later passes may be 
relatively small, so that the downward bending problem may 

25 be alleviated by this type of implementation. 

The problem of downward bending can be illustrated 
with reference to FIG, 17a, in which compared with the 
previous Figures, like references numerals are used to 
identity like components. 

30 As indicated, in a particular multi-pass 

implementation, bottom layer 101 is already cured, and 
layer 100 is being cured by multiple passes during which 
incremental amounts of liquid resin, identified by 
reference numerals 104a, 104b, and 104c, respectively, is 

35 cured. As shown, when resin 104c is cured, it shrinks and 
simultaneously adheres to cured resin 104b, transmitting 
stress and, causing downward bending. As indicated, if 
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the downward bending at the ends of the already-cured 
portion of the layer, identified by reference numerals 105 
and 106 respectively, is great enough, the ends may touch 
the upper surface of layer 101, resulting in early 
5 adherence* 

To alleviate this problem, two solutions are 
possible. One solution is to increase the thickness of 
the resin cured in the early passes, 104a and 104b, 
respectively, with respect to that cured during the later 

10 passes, 104c, or alternatively, to decrease the thickness 
of the resin cured during the later passes, 104c, compared 
with that cured during the early passes, 104a and 104b. 
This is illustrated in FIG. 17b, where, as before, 
compared with previous Figures, like components are 

15 identified with like reference numerals. 

Another problem that can occur with multi-pass is 
birdnesting, which is a distortion that can occur if there 
are significant delays between the multiple passes. The 
problem occurs when resin cured on a particular pass is 

20 allowed to float for a long period of time on the surface 
of the liquid resin before additional passes adhere this 
cured resin to the layer below. If the delay is long 
enough, the cured resin floating on the surface of the 
resin can migrate about before it is adhered to the layer 

25 below. Birdnesting will be discussed in more detail below 
in the discussion of a commercial embodiment of multi-pass 
known as REDRAW, but it should be noted that a possible 
solution to the birdnesting problem is to reduce as much 
as possible the delays between successive passes. 

30 A fully-operational commercial version of REDRAW 

(which allows the specification of non-uniform exposure 
values for the multiple passes) is provided in the form of 
a computer listing in Version 2.62 of the software, which 
is attached as Appendix C. In addition, aspects of REDRAW 

35 are described in the SLA-1 Bela Release Software Manual, 
attached as Appendix B. 
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The REDRAW capabilities and functions reside in the 
BUILD program (a/k/a SUPER in other versions of the 
software) which programs are described in detail in co- 
pending U.S. Patent Application S.N. 182,830, filed April 
18, 1988, its co-pending continuation-in-part, U.S. Patent 
Application S.N. 269,801, and in its co-pending 
continuation, Lyon & Lyon Dkt. No. 186/195. Briefly, 
BUILD controls the laser movement through the use of two 
other programs, STEREO and LASER, and it obtains the 
parameters it needs to implement the numerous REDRAW 
functions based on information supplied in either 1.) a 
.PRM default parameter file in which a user can specify 
default REDRAW parameters; 2.) a .L layer control file in 
which a user can specify REDRAW parameters on a layer by 
layer, and vector type by vector type, basis; or 3.) a .R 
range control file in which a user cam specify REDRAW 
parameters for a range of layers, and for vector types 
within a range. To implement the REDRAW fvmctions, 
various command lines specifying REDRAW parameters are 
placed in either of these files similar to the way that 
other cure parameters are defined (as explained in the 
above co-pending applications) . 

The first place BUILD looks for REDRAW control 
parameters is the .L or .R file, not both. As indicated 
25 above, the .L file enables a user to . specify REDRAW 
parameters with a high degree of control. With the .L 
file, a user can specify REDRAW parameters for a 
particular vector type within a layer of an object. For 
example, for a .L file consisting of merged data for four 
objects, which data represents 11 different vector types, 
the .L file enables 44 different REDRAW parameters to be 
specified for each layer. In sum, the .L file provides 
layer by layer control of multi-pass. 

The .R file is designed for those applications 
whether the layer by layer control allowed by the .L file 
is not needed. Instead of providing layer by layer 
control, the .R file provides control on a range by range 
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.basis, where a range represents any number of adjacent 
layers . 

The REDRAW parameters can be placed into the .R file 
using a user interface program known as PREPARE. To place 
the REDRAW parameters into the .L file, a standard word 
processor type line editor is used. 

If BUILD requires any REDRAW parameters which it is 
unable to obtain from either the .L or .R files, then it 
will seek them from the .PRM default parameter file. 
REDRAW parameters can be placed in these files by use of 
the PREPARE program. 

The first REDRAW command is RC ##, where RC is a 
mnemonic for Redraw Count. This command specifies the 
number of passes that the laser beam will make over each 
vector of a cross-section, i.e., the number of passes for 
a particular layer. The number of passes specified can 
range from 1 to 10. 

The second REDRAW command is RD ####, where RD is a 
mnemonic for Redraw Delay. This command specifies the 
length of time the laser will wait at the beginning of 
each pass. As mentioned earlier, the laser beam moves 
across the surface of the resin in steps followed by 
delays at each step. The delay at each step is known as 
the Step Period, which is identified with the mnemonic SP, 
and the command for specifying a particular value of SP is 
the command SP ##, where the value chosen is in units of 
10 microseconds. The value of RD can be specified as any 
number in the range of 0 to 65,535, which number 
represents the delay in units which are multiples of the 
SP value. Thus, an RD of 10 represents a delay of ten 
times the value specified for SP. In general, the RD 
command is not used much, and the standard value is 0. 
The RD command is similar to the JD command (which 
mnemonic stands for Jump Delay) . 

Note that the JD and RD commands are both 
necessitated by the inability of the software running on 
the PROCESS computer (which software controls the rotation 
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of the dynamic mirrors, and hence the movement of the 
laser beam across the liquid resin) to take account of the 
time it takes for the laser beam to jump from a first 
vector to another vector, after it has drawn the first 
5 vector. After the laser beam has been directed to sweep 
out a particular vector, the software will direct the beam 
to start drawing out another vector, perhaps beginning at 
a different location than the end of the previous vector, 
and will then simultaneously begin counting down the time 
10 for the laser to step through the vector as if the beam 
were instantaneously situated at the beginning of the next 
vector. In many instances, the PROCESS computer will 
begin the counting while the laser beam is still jumping 
to the beginning of the vector. When the laser finally 
15 gets to the right location, the PROCESS computer will 
immediately position it at the location it has counted 
down to, with the result that the first part of the vector 
may be skipped over and left uncured. 

The effect can be illustrated with the help of FIGS. 
21a and 21b. FIG. 21b illustrates cross-section 105 of an 
object, and associated vectors I06a, I06b, 106c, I06d, and 
106e spanning the surface of the cross-section, which 
vectors represent the movement of the laser beam as it 
cures the liquid plastic that forms the cross-section. 
The dotted lines between the head and tails of successive 
vectors is the movement of the laser as it jumps from one 
vector to another, and it is the jumping time for these 
jumps that causes the- problem mentioned above. 

The effect of the jumping time is illustrated in FIG. 
21b, in which like elements are identified with like 
reference numerals compared with FIG, 21a. The jumping 
time results in an area, identified with reference numeral 
107 in PIG. 21b, which is left uncured. 

The use of JD and RD is designed to get around this 
35 problem. The delay specified by these commands is the 
time the PROCESS computer is directed to wait, after it 
has cured a particular vector, before it begins stepping 
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through the next vector. In the context of REDRAW, RD is 
the time the PROCESS computer is directed to wait after it 
has completed a pass over a particular area, before it 
begins a next pass over that area. By causing the PROCESS 
5 computer to wait, the stepping through can be delayed 
until the laser beam is positioned properly. 

As mentioned earlier, JD and RD are rarely used, and 
the reason for this is illustrated in FIG. 21c. FIG. 21c 
illustrates a technique known as the "zig-zag" technique 

10 which is now implemented in the software to reduce the 
travel distance and hience jumping time between successive 
vectors. As illustrated, successive vectors 106a, 106b, 
106c, 106d, and ld6e, instead of all pointing in the same 
direction as indicated in FIGS. 21a and 21b, are caused to 

15 alternate directions, as illustrated in FIG. 21c. The 
direction of these vectors indicates the movement of the 
laser beam on the surface of the resin as it traces out 
these vectors. The result is that jumping time is 
dramatically reduced, making it frequently unnecessary to 

20 use the JD command. This technique is also implemented in 
REDRAW, so that the laser beam will be caused to alternate 
directions every time it passes over a particular area in 
multi-pass. As a result, it is also frequently 
unnecessary to use the RD command. 

25 The third REDRAW command is RS ####, where RS is the 

mnemonic for Redraw Size. It was recognized early on that 
a problem with some forms of multi-pass was birdnesting, 
and to alleviate this problem, the RS command was added to 
enable long vectors in a given cross-section to be broken 

30 up into smaller mini-vectors so that multi-pass could be 
performed on each mini-vector before proceeding on to the 
next mini-vector. By choosing an appropriate size for the 
mini-vector, cured resin from the early passes could more 
rapidly be adhered to the layer below than if the entire 

35 vector were drawn on a given pass. The RS command 
specifies the length o£ the mini-vector into' which the 
vectors of the cross-section are divided. 
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As discussed earlier, the laser beam moves in steps, 
and the step size is identified by the mnemonic SS. The 
command for specifying the step size is SS ##, where the 
number specified can range from 0 to 65,538 bits, where a 
5 bit represents approximately .3 mil (the actual tranlation 
is 3560 bits per inch) . AS a result, a particular pass 
can proceed over a distance which can range from a minimum 
of approximately .3 mils to a maximum of approximately 20 
inches. 

10 The units of RS are multiples of SS. For example, an 

SS of 2, and an RS of looo, indicates that each pass will 
draw 2000 bits of vector information before jumping back 
to make additional passes. Alternatively, with an SS of 
8, and an RS of lOOO, then 8000 bits of vector information 
15 will be drawn before beginning another pass. 

The last REDRAW command is a command for providing a 
different laser exposure value for each pass. This is 
accomplished by specifying a different SP value for each 
pass, since as indicated earlier, the exposure is directly 
20 proportional to SP. The format of the command is SP ####, 
##### #### .... depending on the number of passes. The 
value of SP is in units of lo ^s, and in addition, each SP 
can range in value from approximately 5-15 to 
approximately 4000-6500. 

As mentioned earlier, for a given layer of an object, 
different REDRAW parameters can be specified for each 
vector type in that layer using the .L file, in addition, 
all the REDRAW commands will be completed for a particular- 
vector type, before REDRAW commands for the next vector 
type are expected. 

A typical command line in the .L file might appear as 
follows: 920, LBl, "RC 3; RD 0; RS 1000; SP 250, 150, 
1000; SS 2." This command indicates that at the layer of 
a first object located 920 vertical bits from the bottom, 
that for the layer boundary vectors for that object, 
identified by the mnemonic LBl, 3 passes will be performed 
for each boundary vector (indicated by the REDRAW command 



25 



30 



35 



wo 89/10301 



W PCT/US89/01S58 



53 

RC 3), each pass will draw 2000 bits of a boundary vector 
(indicated by the comiaands SS 2 and RS 1000) before pro- 
ceeding on to the next pass, and the SP values for the 
first, second, and third passes, respectively, will be 
5 250, 150, and 1000. 

A typical command in a .R file might appear as 

follows; 

LBl, "RC 3; RD 0; RS 1000; SP 250, 150, 1000; SS 2" which 
command is identical to that specified above for the .L 

10 file, except that no layer specification is provided, 
since this command will apply to all layers within a 
specified range^ A command in the .PRM default parameter 
would look similar to this. 

A sample report showing the format of the .L file is 

15 shown in FIG. 18. As illustrated, only vectors for a 
first object are represented, and REDRAW commands can be 
specified for each vector type within a layer of that 
object. The vector types and their associated mnemonics 
are as follows: 



20 LB layer boundary 

M layer Crosshatch 

NFDB near-flat down-facing skin boundary 

NFDH near-flat down-facing skin cross hatch 

NFUB near-flat up-facing skin boundary 

25 FB flat down- facing skin boundary 

FDF . flat down-facing skin fill 

NFDF near flat down-facing skin fill 

NFUF near flat up-facing skin fill 

FUB flat up- facing skin boundary 

30 FUF flat up-facing skin fill 



The various vector types are described in more detail 
in S.N. 182,830, its co-pending CIP, S.N. 269,801, and its 
co-pending continuation, Lyon & Lyon Dkt. No. 186/195. 
Briefly, boundary vectors are used to trace the perimeter 
35 of each layer, cross hatch vectors are used to trace the 
internal portion of each layer surrounded by the layer 
boundary, and skill fill vectors are used to trace any 
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outward surfaces of the object. They are traced in the 
following order: boundary, cross-hatch, and skin. 

FIG. 19 is a sample report showing the format of the 
. .R file. As indicated, the format is similar to that for 
5 the .L file, except that the specif iction of REDRAW 
parameters is only possible for a particular vector type 
within a range of layers. 

In FIG. 19, the REDRAW commands for a particular 
range are framed by the mnemonics #TOP and #BT!i, and in 
10 addition, the range of layers to which the REDRAW commands 
apply are provided in the line before the #TOP mnemonic. 

For the first block of REDRAW commands in FIG. 19, 
the range specified is 920, 920, which indicates that the 
range specified for the first block of REDRAW commands is 
15 the one layer located at 920 SLICE units from the bottom 
(assuming CAD/CAM units of inches, and a desired 
resolution of 1,000, the SLICE units will be mils. The 
difference between the CAD/CAM and SLICE reference scales 
is described in more detail in S.N. 182,830, its CIP S.N. 
20 269>80l^ and its continuation, Lyon & Lyon Dkt. No. 
186/195) . This is because the beginning and ending points 
of the range are identical: 920 mils. The ending point of 
the range could just as well have been specified as any 
other value in the CAD/CAM reference scale, in which case, 
25 the block of commands would apply to all layers in the 
specified range. 

FIGS. 20a and 20b illustrate default parameters 
listed in a .PRM file, which parameters will be used if 
they are not specified in either the .L or .R files. As 
30 indicated, default parameters can be specified for each 
object (assximing more than one object is being built at 
the same time), and for each object, can be further 
specified for each vector type within any layer of that 
object. For example, the default parameters specified for 
35 the layer boundary vectors of the first object are as 
follows: LBl, "RD 1; RS 300; RC 1; SP 20; JD 0; SS 8." 
This command line is interpreted as follows: the default 
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Redraw Delay is l (representing 200 given the default 
SP value of 20) , for Redraw Size is 300 (representing 2400 
bits or approximately 720 mils, given the default SS of 
8), for Redraw Count is l (indicating single pass, i.e., 
5 layer boundary vectors are not to be multi-passed), for 
Step Period is 20 (representing 200 ms) , for Jump Delay is 
0 (indicating this command is not being used), and for 
Step Size is 8 (representing 8 bits or approximately 2.4 
mils). Since the default value for RC is 1, this 
10 indicates that unless multi-pass is specified in either 
the .L or .R files for the layer boundary vectors, it 
will not be provided for these vectors. 

As is evident from the above description, the commer- 
cial embodiment of REDRAW utilizes a technique known as 
15 the "short vector" technique, whereby any vector is 
divided up into a sequence of short mini -vectors , and the 
entire vector is multi-passed by successively multi- 
passing each of the mini-vectors. The objective of the 
short vector technique is to eliminate the problem of 
20 birdnesting, a problem which could occur if multi-passing 
were attempted on the full length of vectors as a whole, 
especially long vectors. in this instance, the plastic 
cured during the early passes will be floating quite 
awhile on the surface of the liquid resin before they 
would be adhered to the lower layer through curing from 
subsequent, additional passes. As a result, this cured 
plastic can move before it is finally adhered to the layer 
below, a problem which can manifest itself as a distortion 
in the final part, which distortion resembles a birdnest, 
and hence is called birdnesting. 

It has been found that if the short mini-vectors are 
made too small, that another problem crops up, which is 
the downward bending or bowed down effect, discussed 
earlier with reference to FIGS. 17a and 17b, according to 
which the cured plastic from the early passes is caused to 
bow downwards from the shrinkage of the plastic below it 
cured during the later passes. As a result of this 
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effect, adherence takes place too early, and upward curl 
then results. The problem manifests itself in the form of 
a scalloped appeararice of the surface of the part. 

Several approaches are possible to alleviate the 
5 birdnesting and bowed down effects mentioned above. 
First, boundary vectors are the only vectors where 
birdnesting may result from their being drawn through 
multiple passes since they are typically drawn in 
isolation from the other vectors, and do not therefore 

10 have anything to adhere to when they are drawn. Hatch 
vectors, on the other hand, are usually drawn after the 
border vectors have been drawn, and they therefore adhere 
to the cured plastic from the border vectors when they are 
drawn, even if they are drawn in multiple passes. Skin 

15 and near-flat skin vectors also are typically drawn after 
the border and hatch vectors are drawn, and may adhere to 
the cured plastic from these vectors when they are drawn. 
In addition, the spacing between these vectors is typic- 
ally very small (approximately 1-4 mils, compared to a 

20 spacing of approximately 30-100 mils for hatch vectors) , 
so that adherence will also take place with cured plastic 
from adjacent skin and near flat skin vectors. 

Thus, one solution to the birdnesting problem is to 
only multi-pass the hatch vectors, and not the border 

25 vectors. All the hatch vectors could be multi-passed, or 
alternatively, only a percentage of the hatch vectors 
could be multi-passed. Even if the hatch vectors did have 
a bowed down appearance from the multi-passing, this would 
not affect the outer appearance of the part. This 

30 solution is feasible in the commercial embodiment of 
REDRAW described above, since the use of the .L, .R, or 
. PRM files all allow multi-pass to be implemented only for 
selected vector types. Thus, REDRAW could only be 
provided for the hatch vectors. 

35 Another solution is to multi-pass all vector types, 

but to use other techniques such as Web Supports or 
Smalley's to eliminate birdnesting. Web Supports are 
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described in more detail in U.S. Patent Application S.N. 
182,801, filed April 18, 1988, Which, as indicated at the 
outset, is hereby incorporated by reference as though set 
forth in full herein, Smalley's are described in more 
detail in U.S. Patent Application 183,015, filed April 18, 
1988, which, as indicated at the outset, is hereby fully 
incorporated by reference as though set forth in full 
herein . 

A third solution is to use a two pass implementation 
of multi-pass so that the cured plastic from the first 
pass will be adhered on the second pass, and will 
therefore only be floating for a short while. The 
disadvantage is that as mentioned earlier, more than two 
passes is beneficial for dealing with the imprecision in 
estimating cure depth. This disadvantage could be 
alleviated by only two pass multi-passing the border 
vectors (where birdnesting is a problem), but multi- 
passing with more than two passes for the remainder of the 
vectors . 

A fourth possible solution is to isolate the use of 
multi-pass to those areas of the part having critical 
volume features, that is areas that are most susceptible 
to distortion, such as cantilevered sections of a part. 
These areas can be isolated through the use of the .R 
25 file, which can be used to specify a range of cross 
sections to which multi-pass is to be applied. 

An important aspect of the commercial embodiment of 
REDRAW in version 2.62 of the software is the ability to 
specify different SP values (and hence different 
exposures) for different passes. As discussed earlier, it 
is frequently necessary to specify different exposure 
values for the different passes in order to prevent 
adhesion from occurring earlier than desired. Preferably, 
the SP values should be chosen so that on the first pass, 
a large percentage of the gap between layers is cured, 
leaving an uncured area which is cured on successive 
passes, and which area has a thickness in the range of 
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only 1-5 mils depending on the layer thickness and 
tolerances possible. The preferred size of the gap will 
depend on the layer thickness as follows; 

T^ver thickness m^cuye^ gap 

5 20 nils 1-5 ails 

10 mils 1-3 mils 

5 mils 1-2 mils 

As can be seen, the size of the uncured gap remaining 
after the first pass can increase with the layer thick- 
10 ness. This is because the greater the layer thickness, 
the more plastic that will be cured on the first pass, 
which plastic will be less susceptible to downward bending 
from the shrinking of the plastic in the uncured gap as it 
is cured. 

15 After the first pass, the SP for the remaining passes 

should preferably be chosen to effectuate a 1-2 mil 
increase in cure depth per pass. As a result, during the 
pass when adherence takes place, only a very small amount 
of plastic will be cured, with the result that the stress 

20 introduced by the shrinkage of the plastic during this 
pass will be minimal, stress which would otherwise be 
transmitted to the cured portion of the layer above, and 
to the cured layer below. 

Several examples of the dashed line, bent line, and 

25 secondary structure techniques will now be described. 
FIGS. 22a-22f illustrate an example which combines the 
technique of using secondary structures and rivets to 
connect rails. In all these Figures, like components are 
identified with like reference numerals. Figure 22a shows 

30 a side view of layers 107a, 107b, and 107c, which are 
shown stacked on top of each other. As shown, the layers 
have been cured in isolation from each other in order to 
reduce curl by eliminating the ability of the layers to 
transmit stress to one another while they are being cured. 

35 As indicated, though, a problem with curing the layers in 
isolation from one another is that the final part will be 
very weak, as there is nothing holding the layers 
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together. As a result, a secondary structure must be 
added to connect to the layers. 

Each layer in FIG. 22a is actually comprised of two 
lines in parallel, and a top view of a layer is 
5 illustrated in FIG. 22b, which shows layer l07b as 
consisting of lines I07b(l) and I07b(2) in parallel. As 
shown, the lines for a given layer have also been cured in 
isolation from each other to reduce curl, and they must 
also be connected by some form of secondary structure in 
10 order to provide structure to the part. 

FIG. 22b is a top view of layer I07b, which 
illustrates secondary structure I08a, I08b, I08c, I08d, 
and lose, for connecting the lines of a particular layer, 
in this case, lines I07b(l) and 107b(2) of layer 107b. In 
15 addition, as will be seen, the secondary structure also 
connects the lines of adjacent layers together, in this 
case, lines I07b(l) and 107b(2) are respectively connected 
to lines 107c (1) and I07c(2) by the secondary structure. 
This is illustrated in FIG. 22c, which shows a side view 
20 of the lines of layer 107b stacked on top of the lines for 
layer 107c, and connected by secondary structure 108a, 
108b, 108c, I08d, and 108e. 

The secondary structure has two aspects to it, and 
comprises supporting lines of lower exposure and an area 
25 of higher exposure, known as rivets for connecting support 
lines from adjacent layers together. This is illustrated 
in PIGS. 22d and 22e. As indicated in FIG. 22e, the 
secondary structure for layer 107b comprises, in part, 
connecting support lines 108a(l) , I08b(l) 108c(l) , I08d(l) 
30 and I08e(i) of lower exposure than lines 107b (l) and 
107b (2) making up the layer (as a result of which the 
support lines have a lower cure depth than the lines 
making up the layer) . In addition, the support lines are 
used to connect the lines making up a layer, in this case 
35 lines. I07b(i) and lG7b{2) of layer 107b. Also, the 
secondary structure is comprised, in part, of areas of 
higher exposure known as rivets. In FIG. 22e, these are 
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identified as 108a(2) , 108b(2), 108c(2), 108d(2), and 
108e(2), respectively, which rivets ^re areas of heavier 
exposure than either the support lines or the lines making 
up a layer, the result of which is that the rivets have a 
5 cure depth which penetrates down to and adheres to the 
support lines of an adjacent layer. This is illustrated 
in FIG. 2 2d, which shows the rivets connecting the support 
lines for layers 107b and 107c. 

An important aspect of rivets is illustrated in FIGS. 
10 23a-23c, in which like components are indicated with like 
reference numerals. If lines on different layers are 
connected by rivets, then, in certain instances, it may be 
important to keep the diameter of the rivets smaller than 
the width of the lines. This, in turn, will be 
15 accomplished by keeping the exposure used to create the 
rivets low enough so that this condition does not occur. 
FIG. 23a illustrates a line with rivets 109a, 109b, and 
109c, where the diameter of the rivets is much smaller 
than the width of the line. FIG. 23b illustrates a line 
20 where the diameter of the rivets is larger than those in 
FIG. 23a. FIG. 23c illustrates a line where the diameter 
of the rivets is even larger than the width of the line. 

Keeping the diameter of the rivets smaller than the 
width of the lines is only important when the lines form 
25 the outer surface of a layer of the part. in this 
instance, it is important to keep the rivet diameter 
smaller than the line width so that the outward surface of 
the part remains smooth. If the lines being riveted are 
support lines in the interior of the object, it may not be 
30 necessary to keep the diameter of the rivets smaller than 
the width of the lines. In fact, in this instance, as 
illustrated in FIGS. 22b and 22e, the diameter of the 
rivets can be greater than the width of the support lines. 
This aspect of rivets is illustrated in more detail 
35 in FIGS. 24a-24d, in which like components are identified 
with like reference numerals. 
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PIG. 24a illustrates a part comprising layers I07a 
107b, and 107C respectively, which layers are connected to 
adjacent layers by means of rivets I09a(2) and I09b(2) 
(for connecting layer 107a to I07b) , and by means of 
5 rxvets l08aC2) and I08b(2) (fpr connecting layer i-07b to 

107c) . 

A top view of rivets 108a(2) and I08b(2) is 
xllustrated in FIG. 24b. If line 107b makes up the outer 
surface of the finished part, then if the diameter of the 
10 rxvets is greater than the width of the line, a rough 
outer surface will be introduced. 

Three techniques are possible for alleviating this 
problem. one technique mentioned earlier is simply to 
reduce the size of the diameter of the rivets, a second 
technique, illustrated in PIG. 24c> is to offset the 
rxvets from the surface lio of the line forming the outer 
surface of the finished part so that the rivets do not 
extend beyond the plane of the surface. a third 
technique, illustrated in PIG. 24d, and which is discussed 
xn detail above, is to introduce support lines, and then 
rxvet only the support lines together. In fact, the above 
technxques can be combined. PIG. 24d shows lines I07b(l) 
and I07b(2) connected by lower exposure support lines, 
whxch support lines are connected to support lines of 
adjacent layers by rivets I08a(2) and 108b(2) . m 
addition, line I07b(l) is connected to a line of an 
adjacent layer by means of rivets iiia(2) and lllb(2), and 
Ixne I07b(2) is connected to a line of an adjacent layer 
by means of rivets iioa(2) and ll0b(2). if either of 
these lines forms the outer surface of the part, then as 
dxscussed above, the diameter of the rivets cannot be too 
large, or if it is, the rivets must be offset towards the 
interior of the part so they do not extend beyond the 
plane of the outer surface of the part. 

Note that in fig. 24d, parts have been successfully 
built Where the distance 112 between lines on the same 
layer xs xn the range of 40 to 300 mils, and in addition, 
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Where lines on successive, adjacent layers are also 
separated by this distance. However, other examples are 
possible, either by separating the lines by more or less 
than this range, and the above range is provided for 
5 illustrative purposes only, and is not intended to be 
limiting. 

FIGS. 25a-25c illustrate another example of using a 
secondary structure to connect lines. In these Figures, 
like components are identified with like reference 

10 numerals. As shown in FIG. 25a, successive structures 
113a, 113b, 113c, and 113d are drawn, wherein each 
structure, as illustrated in FIG. 25c has a portion 
113a (1) made with relatively low exposure, and another 
portion 113a(2) made with higher exposure. Moreover, as 

15 illustrated in FIG. 25a, the exposure chosen to make the 
higher exposure portion should be such that successively 
stacked high exposure portions, 113a (2) and 113c (2) in the 
Figure, barely touch. In fact, successful parts have been 
made using this technique where successive high exposure 

20 portions are within 40-300 mils of each other, but this 
range is provided for illustrative purposes only, and is 
not intended to be limiting. 

Note that lower exposure portions from successive 
layers, 113a (1) and 113b (1) in the Figure, overlap, and it 

25 is necessary to rivet these overlapping portions together 
so that successive layers adhere to one another. This is 
illustrated in FIG. 25b, which shows rivets 116a, 116b, 
and 116c holding together overlapping lower exposure 
portions from successive layers, 113a(l) and 113b(l) in 

30 the Figure. Note that the outer surfaces 114 and 115 of 
the part are formed from the stacking of the higher 
exposed portions from successive layers, surface 114 being 
made up, in part, of stacked portions 113a and 113c, and 
surface 115 being made up, in part, of stacked portions 

35 113b and 113d. 

Note that all the curl reduction techniques described 
above reduce curl through one of three ways: 1.) reducing 
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stress; 2.) resisting stress; and 3.) relieving stress. 
An example of l.) is multi-pass where successive layers 
are cured through multiple passes so that when they do 
adhere, only a small amount of stress will be transmitted 
to adjacent layers. An example of 2.) is the multi-pass 
technique whereby as much of a layer as possible is cured 
on the first pass, so that this portion of the layer will 
be strong to both resist downward curling, and to resist 
the layer below from upward curling. An example of 3.) is 
10 dashed or bent lines, where stress is actually transmitted 
from one layer to another, but breaks or bends act to 
relieve the stress. 

The appropriate curl, reduction technique for a given 
application will involve a trade-off between structural 
15 strength and curl, m general, the higher the structural 
strength required for a particular application, the more 
curl. 

FIGS. 26a-26c illustrate a part made with different 
curl reduction techniques. FIG. 26a shows the part made 
20 wxth dashed lines, FIG. 26b shows bent lines, and FIG. 26c 
shows a part made using the secondary structure technique 
described above with respect to FIGSs. 25a-25c. with 
respect to FIG. 26a, parts have been successfully built 
where the length of the solid portions of a line 
25 Identified with reference numeral U7a in the Figure' 
range from 40 to 300 mils, and where the breaks between 
the successive solid portions, identified with reference 
numeral U7b in the Figure, were also in the range of 40 
to 300 mils. However, these ranges are illustrative only 
30 and are not meant to be limiting. 

With respect to FIG. 26b, parts have been success- 
fully made with bent lin4s, where the solid portion of a 
line, identified with reference numeral 108a in the 
Figure, is in the range of 40-300 mils, and in addition. 
Where the gaps in the line between the solid portions, 
identified with reference numeral ll8b in the Figure is 
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also in this range. Again, this range is intended to be 
illustrative, and not limiting. 

With respect to FIG. 26c, parts have been 
successfully built where the distance between parallel 
5 lines of a particular layer, identified with reference 
numeral 119 in the Figure, is in the range of 40-300 mils. 
The above range is provided for illustrative purposes 
only, and other examples are possible. 

A problem with the dashed line technique is that 

10 because of the breaks in a line, a bad part surface finish 
may result, and in addition, the parts may be flimsy. 
Three variants of the techniques are available to 
alleviate these problems, which variants are illustrated 
in FIGS. 27a-27e, in which like components are identified 

15 with like reference numerals. 

The first variant, the "brick and mortar" variant, is 
illustrated in FIG. 27a. According to this variant, the 
solid portions of a dashed line are analogized to bricks, 
and the breaks between successive bricks are filled in 

20 with liquid resin analogized to mortar, which is then 
cured with less exposure than the bricks. A problem with 
this variant is that if the mortar is subsequently exposed 
at the same level as the bricks to improve strength, curl 
will be reintroduced. 

25 The second variant is illustrated in FIG. 27b, in 

which a dashed line is placed on a solid line. FIG. 27b 
shows the order in which the indicated portions are 
successively cured. As indicated, the solid layer is 
drawn, and then on top of it are drawn spaced bricks, and 

30 then the interstices between the bricks are filled with 
mortar, which interstices are then cured, preferably at a 
lower exposure than the bricks. An advantage of curing 
the bricks on top of the solid layer is so that the solid 
layer will be strong to resist upward curl. 

35 The third variant is illustrated in FIG. 27c, which 

variant is to offset a dashed line placed over another 
dashed line so that the solid portions of one line span 
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the breaks in the second line. FIG. 27c shows the order 
in which the indicated portions are cured. As indicated, 
bricks are drawn on one layer, and then on the next layer, 
bricks are also drawn, but offset from those on the first 
layer, so that the bricks on the second layer span the 
interstices between the bricks on the first layer. A 
problem with this technique is that it results in almost 
as much curl as if standard solid lines were drawn. 

Other variations of the dashed line technique are 
illustrated in FIGS. 27d and 27e, where the numerals 
indicate the order of drawing the indicated solid 
portions. FIG. 27d shows placing a first dashed line on 
a solid line, and a second offset dsished line placed on 
the first dashed line. FIG. 27e shows placing several 
dashed lines on a solid line which are lined up, and then 
offsetting successive dashed lines. 

The bent line technique illustrated in general in 
FIG. 26b, and variants on this technique are illustrated 
in FIGS- 28a-28i. As indicated in FIG. 28a, the basic 
idea of the bent line technique is to relieve the stress 
transmitted to a given layer from adjacent layers. With 
respect to FIG. 28a, stress introduced to portions ll8a 
and 118b of line lis, are taken up by lateral movement of 
these portions into gap li8c. This is because something 
must give to relieve the stress, and in the example of 
FIG. 28a, what gives is the portions ll8a and 118b, which 
are allowed to move laterally into gap ll8c. 

Parts have been successfully built with the 
dimensions indicated in FIG. 28b, that is with the solid 
portions of a line in the range of 40 - 300 mils, and the 
gaps between the solid portions also in this range, other 
examples are possible, and the indicated ranges are 
intended to be illustrative only, and not limiting. The 
size of the gaps should preferably be as small as 
possible, but as a practical matter, the size of the gaps 
depends on the tolerances possible, because it is crucial 
that sucqessive solid portions do not touch. In the 
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example of FIG. 28a, it is crucial that gap ll8c is not so 
small that solid portions 118a and 118b touch. If they 
touch, then curl will result. Therefore, the lower the 
possible tolerances, the greater should be the gaps 
5 between successive solid portions of a bent line. 
Successful parts have been built with the gaps as small as 
40 mils, but smaller gaps are possible. FIG. 28c shows 
an example of a bent line where the gaps are much smaller 
than the length of the solid portions. 
10 A benefit of the bent line technique compared with 

the dashed line technique, is that bent lines can be much 
stronger than dashed lines, and in addition, their stress 
resistance can be much greater after a part is built using 
bent lines. 

15 FIG. 28d shows a variant of a bent line where the 

bends in the line have a triangular shape. Parts have 
been successfully built with each triangular bend on the 
order of 250 mils (1/4 inch) in length. In addition, the 
angle of the vertex of each triangular bend, although 

20 indicated at 90* in FIG. 28d, can vary from this. In 
fact, if made smaller than this, the resulting line will 
resemble that in FIG. 28c, and even more curl can be 
eliminated. If the angle is made greater than this, the 
bent line will resemble a straight line, and the curl 

25 effect will be more pronounced. 

Another variant of a bent line is illustrated in 
FIGS. 28e and 28 f. As indicated in FIG. 28e, parts have 
been successfully built using bent lines where the bends 
in the line have an inverted triangular shape as illus- 

30 trated, and whers each bend has in FIG. 28f the dimensions 
indicated, that is, a width of 125 mils (1/8 inch), with 
the gaps between successive solid portions 40 mils or 
smaller, and with the angles of each triangular bend at 
45', 45', and 90*, respectively. As before, it is crucial 

35 that successive solid portions of a bent line do not 
touch. Otherwise, curl will be introduced. Therefore, in 
FIG. 28e, the gaps in the line should be kept as small as 
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possible as long as successive solid portions do not 
touch. FIG. 28g shows another variant of a bent line 
technique where the bends have a trapezoidal shape. Other 
examples are possible, and the examples above are intended 
to be illustrative only, and are not intended to be 
limiting. 

As with dashed lines, a part built with bent lines 
may have a poor surface finish. To get around this 
problem, a bricks and motar variant of bent lines is 
possible whereby the gaps in the bent lines are filled 
with liquid resin and thereafter partially exposed. As 
before with the dashed line, if this resin is cured to the 
same exposure as the rest of the line, the curl effect 
will be introduced. FIG. 28h illustrates the technique of 
filling in the gaps in the line with liquid resin and then 
partially exposing the resin in the gaps. The numbers 
indicate the order in which the portions shown are cured. 

Another variant is to place a bent line on a solid 
line as indicated in FIG. 28i, which has the advantage 
that the solid line drawn first resists upward curl, m 
addition, to improve the surface appearance, as in FIG. 
28h, the gaps in the bent line are filled in with resin 
and partially exposed. The order in which the curing 
takes place is indicated by the numerals in the Figure. 

FIG. 28j illustrates another variant where a first 
bent line is placed on a solid line, and a second bent 
line is placed on the first bent line but offset from the 
first bent line so that the solid portions of the second 
bent line span the gaps in the first bent line. The 
30 numerals indicate the order in which the portions 
indicated in the Figure are cured. 

implementations of the rivet technique for reducing 
curl will now be described. An early implementation of 
rivets was in the form of programs written in the Basic 
Programming Language which programs provided for layers of 
a part to be directly scanned by a laser beam without the 
intermediate step of reformatting the data describing the 



20 



25 



35 



WO89/10c01 



PCT/US89/01S58 



68 



layers into vectors as described in S.N. 182,830, its CIP, 
S.N. 269,801, and its continuation, Lyon & Lyon Dkt. No. 
186/195. These layers were scanned so that the cure depth 
for each layer was less than that required to cause adhe- 
5 sion between the layers. The program would then provide 
for additional scanning (ekposure) of selected areas of 
each layer in order to cause adhesion, but only at these 
selected areas. It was found that if the number of these 
areas at which adhesion was to occur was relatively small, 
10 that minimal distortion and curl would be generated by the 
adhesion of the layers. These higher exposure adhesion 
areas are what is referred to here as rivets, and although 
part distortion can increase as the number of adhesion 
points increase, it will be a small effect if the number 
15 of adhesion areas is small. 

Later implementations were consistent with the 
intermediate step of reformatting the layer data into 
vectors. More details about the different vector types 
are provided in S.N. 182,830, its CIP, S.N. 269,801, and 
20 its continuation, Lyon & Lyon Dkt. No. 186/195, An early 
vector-based implementation is described in Appendix B, 
pp. 35-36, 51. These implementations require that 
individual vector lengths would be small for those vectors 
that contribute to adhesion between layers and that there 
25 should be gaps between these vectors, in addition, it may 
be acceptable to use a large number of adhesion vectors 
between layers to insure structural integrity of the part, 
as long as these vectors are interior to the outer 
boundaries of the part so that any curl that results will 
30 not affect surface accuracy. 

Also, these vectors should generally be placed so 
that their length is perpendicular to the direction of 
probable distortion. For example, on a cantilever, the 
direction of these vectors should preferably be perpen- 
35 dicular to the axis of the cantilever section, fig. 29a 
illustrates an undistorted cantilevered section 120, made 
up of individual layers I20a, I20b, 120c, 120d, and 120e, 
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which adhere to adjacent layers as shown to make up the 
overall section. The cantilevered section is what is 
commonly referred to as a rail. As shown, the section is 
supported by supports 120 which in turn make direct 
5 contact with platform 122. The axis of the section is 
also indicated in the Figure. 

FIG.. 29b illustrates the same cantilevered section 
reflecting the distortion caused by curl, in the Figure, 
compared with FIG. 29a, like components are identified 
10 with like reference numerals. As shown, the direction of 
the curl is upwards, in the same direction as the axis of 
the cantilevered section. 

FIG. 29C is a top view of layer 102d of the section 
showing the direction of the vectors that contribute to 
15 adhesion between layer 102d and layer 102e. As shown, the 
direction of these vectors is all perpendicular to the 
direction of distortion, and therefore to the axis of the 
. cantilevered section. 

A problem with this early vector-based implementation 
20 is that it depended on the geometry of the part by virtue 
of its dependence on the direction of the axis of the 
part. More recent vector-based implementations have taken 
a different approach that provides the dramatic benefits 
described above with rivets, but at the same time insures 
25 good structural integrity without such a strong dependence 
on part geometry. 

In these early vector-based implementations of 
rivets, the mnemonics used to describe the different 
vector types differed from that used in S.N. 182,830, its 

30 CIP, S.N. 269,801, and its continuation, Lyon & Lyon Dkt. 
No. 186/195. A detailed description of the different 
vector types is available in these applications, and also 
. in Appendix D. Briefly, boundary vectors are used to 
trace the parimeter of a layer, cross hatch vectors and 

35 used to trace the internal portions of a layer, and skin 
fill vectors are used to trace any outward surfaces of a 
part. They are traced in the following order: boundary. 
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cross hatch, and skin fill. The following list shows the 
correspondence between these mnemonics: 

1). For layer boundary vectors, "Z" was used to 
describe these vectors instead of "LB". 
5 2). For layer Crosshatch vectors, "X", "Y" and "I" 

were used to describe X, Y and 60/120 Crosshatch vectors, 
respectively. In later implementations, these vectors 
were combined together and characterized by the single 
mnemonic "Ui**. 

IQ 3) • For up facing skin boundary vectors, "S" was 

used as the single mnemonic to describe both flat and 
near-flat boundary vectors. In later implementations, 
these vector types were separated out into different 
categories characterized by the "FUB" and "NFUB" mnemonics 

15 respectively, 

4) . For up facing skin hatch vectors, "A", "B", and 
HjM were used to describe X, Y and 60/120 skin cross hatch 
vectors, respectively. Up facing skin hatch vectors have 
no counterpart- under the mnemonics used in current 

20 implementations. 

5) . For up facing skin fill vectors, "H" and "V" 
were used to describe X and Y skin fill vectors, respect- 
ively. Both flat and near flat fill vectors were included 
within these mnemonics, in later implementations, X and- 

25 Y fill vectors were combined, but the flat and near flat 
vectors were separated out. The new mnemonics are 
respectively "FUF" and "NFUF". 

6) . For down facing skin boundary vectors, "C" was 
used to describe both flat and near-flat boundary vectors, 

30 but in later implementations, these vector types were 
separated out and described by the "FDB" and "NFDB" 
mnemonics, respectively. 

7) . For down facing skin hatch vectors, "F", "G", 
and "K" were used to characterize X, Y, and 60/120 cross 

35 hatch vectors, respectively. In more recent implementa- 
tions, only down facing near flat skin hatch vectors are 
possible, which are described by the mnemonic "NFDH". 
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8) . For down facing skin fill vectors, "D" and "E" 
were used to distinguish X and Y skin fill vectors 
respectively. Both flat and near flat fill vectors were 
included under these mnemonics. In later implementations, 
5 both X and y fill vector types were combined into one 
mnemonic, however the flat and near flat vector types were 
separated out. The new mnemonics are "FDF" and "NFDF", 
respectively, for the flat and near flat vector types. 

The first aspect of the vector-based implementation 
10 of rivets is specifying a critical area of a particular 
layer or layers in which rivets will be placed. These 
critical areas are specified by creating what is known as 
a critical box file. This file contains one or more box 
specifications enclosing volumes that will either have 
15 their Crosshatch vectors riveted or not scanned at all. 
An XV placed at the beginning of a box specification 
indicates that Crosshatch vectors inside the box will be 
riveted while an XI placed at the beginning of a box 
specification indicates that Crosshatch vectors inside the 
20 box will not be scanned. The critical box file is an 
ASCII file generated by any convenient text editor and is 
given the same name as that of the output files (the .L 
and .V files) that will be created by the MERGE program, 
which merges .SLI files for different objects before 
25 beginning the process of tracing out vectors (described 
in more detail in S.N. 182,830, its CIP S.N. 269,801, and 
its continuation, Lyon & Lyon Dkt. No. 186/195) , except it 
will have the extension .BOX instead of .L or .V. 
Briefly, the CAD file for an object is referred to as the 
30 .STL file for that object. A program known as SLICE 
slices or converts the .STL file into vector-based layer 
data which is placed into an .SLI file for the object. 
MERGE then merges the .SLI file for different objects to 
form a .V file containing the merged vector data, and also 
35 a .L file for control purposes. The BUILD program then 
takes the .V and .L files, and begins tracing out the 
vectors. When the MERGE program begins to merge its input 
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.SLI files for different objects, it looks for a corres- 
ponding .BOX file. If this file is found, MERGE then 
appends critical area designations onto all layers that 
are indicated as requiring them. 
'5 Its contents consist of one or more single line 

critical box specifications. A single box consists of a 
rectangular volume for a particular vector type followed 
by its position in space. A typical specification might 
look like, 

10 "xv, .94, .04, .250, 8. 750, .250, .250, 4. 375, .250, 4. 375, 8 

.750" 

The XV indicates that this box surrounds a volume to be 
riveted . 

The 0.94 indicates the location of the bottom of the 
15 box in the same units and reference scale as that used in 
the CAD design of the part. If the CAD units are inches, 
the 0.94 indicates that the bottom of the box is .94 
inches from the bottom of the CAD space. The 0.04. 
represents the height of the box in CAD units (inches in 
20 the above example) above the bottom. The next eight 
numbers are read as XY pairs that indicate the corners of 
the box in CAD units and are based on the location of the 
part in space as designated by the CAD system. FIG. 30 
shows the format of a typical .BOX file (entitled for 
25 illustrative purposes only as RIVET. BOX), which file 
describes two boxes specifying volumes that will be 
riveted. The example shows the file as consisting of a 
single text line which is wrapped around for printing 
purposes only. 

30 Note that a benefit of the MERGE program is that 

different riveting parameters can be specified for differ- 
ent subvolumes of an object by placing the different 
subvolumes into separate .STL files, slicing them separ- 
ately into different .SLI files for each subvolume, and 

35 then merging them. This is because different riveting 
parameters can be specified for each .SLI file. More 
details on the .SLI and .STL file formats are provided in 
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2.) VR xs a mnemonic for Rivet Reduction, which is 



20 



25 



numHar. — - ' w*iA«n inoicates the 

™»b« Of passes to .a>ce when riveting a vector in a Xayer 
to an adjacent layer. The co^ana io™t i, -vc 

for specifying two or five passes, respectively. 
VR IS a mnemonio for Rivet Reduction, which 1. 

boJa^^^JLTL^-t^e*'' "'^"^^ they contact 

th. ., - ""^ * a«terioration of 

i J^tLuon of'X" rich"' 

rivets, which was heavily dependent on 

th. gecetry of the part, the use of cross hatch victors 

-tor ting""'"" '""^ 'inc. 
30 ::«i:uir:a=::" - -p"--"rtn 

P rtioular part geometry, the use of the .BOX fil. 
specify critical bo. configurations, and the sp«i/i«tio" 

SLX filU whicr""' 
will . " d.s=rlb«l earlier 

Will provide the ability to do so ""ler, 

" first"*' ««Pt for the 

1 fi»" r; 

scan IS done at full vector length, and 
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additional scans are reduced by the VR amount. The 
command takes an argximent that specifies a particular 
distance at each end of a vector that will not be riveted, 
which argument can have a value in the range of 1 to 
5 65535 • This argument indicates the number of SS multiples 
taken off of each end of the vector before doing the 
multiple scans specified by the VC command. Since the 
argiiment for SS is in terms of bits (1 bit is approxi- 
mately .3 mil) , the argument for VR can be translated into 

10 bits by multiplying it by the SS parameter. 

3.) VP is a mnemonic for Rivet Period, and is a 
command which is similar to SP in that it specifies an 
exposure volume for each scan specified by the VC command. 
As with REDRAW, where an exposure value could be specified 

15 for each pass, the VP has an argument for every scan 
called for by the VC command. Each argument can take on 
a value of approximately 10 to 6500 in units of 10ms. A 
typical VP command for VC«4 might look like: 
"VC 4;VP 40, 50, 60, 70". 

20 This command would be interpreted as follows: The first 
scan will be over the entire vector length and will have 
an SP of 40. It is likely that this SP value was chosen 
such that the cure depth obtained by this scan is slightly 
less than the layer thickness. The second scan will be 

25 over a vector whose end points have been displaced by an 
amount specified by the VR command and which is drawn 
according to an SP of 50. The third scan covers the same 
area as the second scan but its drawing speed is based on 
an SP of 60. The fourth scan is identical to the previous 

30 two except for a drawing speed based on an SP of 70. Note 
that these rivet commands are only used on the various 
types of Crosshatch. 

As discussed earlier with respect to the implementa- 
tion of multi-pass known as REDRAW, the .L file is created 

35 by a standard text editor, and is used by BUILD (or 
SUPER, depending on the software version) program for 
layer to layer control of the curing process. The R. 
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file, which provides control for a range of layers, is not 
available to control riviting for the particular implemen- 
tation of rivets described here. The ,PRM file is used 
by BUILD to obtain default riveting parameters vhen a 
5 particular parameter is not specified in the .L file. In 
sum, the .L file is used to control riveting on a layer 
by layer basis, and within a layer, on a vector type by 
type basis. The .PHM file is used only in those instances 
where a critical riveting parameter is not specified in 
10 the .L. file. 

The format of a .L file for use in controlling 
riveting is provided in FIG. 31. As above, the file is 
named RIVIT.L for illustrative purposes only, and shows 
layer 920 with no rivet parameters specified. layer 940, 
on the other hand, has a number of riveting commands which 
apply to it, which commands are framed by the #TOP and 
#BTM mnemonics. Note that unlike the RIVET.BOX file, 
where parameters are specified in CAD units, parameters in 
the .L and .PRM files are specified in SLICE units. CAD 
units are the units in which an object is designed on a 
CAD system, and are the units associated with the .STL 
file for an object. SLICE units are the units into which 
the object is sliced into layers by the SLICE program, and 
is associated with the .SLI file for that object. For CAD 
units in inches, for example, and a desired SLICE resolu- 
tion of 1,000, the SLICE units will be in mils. CAD 
units, SLICE units and resolution are described in more 
detail in S.N. 182,830, its CIP, s.N. 269,801, and its 
continuation, Lyon & Lyon Diet. No. 186/1&5. 

In FIG. 31, the first riveting command line specified 
for layer 940 is •.#CA XV, 250, 250, 3750, 250, 3750, 8750, 
250, 8750" where the mnemonic #CA stands for Critical 
Area. This command is similar to the .BOX file discussed 
earlier, and specifies a critical box, within which the 
cross hatch vectors are either riveted or not scanned at 
all. The XV mnemonic indicates that the cross hatch 
vectors will be riveted. The next eight numbers are four 
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XY pairs (in SLICE units) that describe the comers of box 
which makes up the critical area. 

The next conmand line for layer 940 is a command, 
which applies only to "Z" vectors (which are layer 
5 boundary vectors, and as per the table provided earlier, 
are referred to in later implementations with the mnemonic 
"LB"). AS indicated, the command line is "SS 8; SP 100; 
JD 0: RC 1", which since a VC command is not specified, 
indicates that the layer boundary vectors are not being 

10 rivetted. The next command line for layer 940 applies 
only to the "X" vectors (as per the above table, X cross 
hatch is now combined with Y and 60/120 cross hatch into 
the single mnemonic "LH") and is as follows: "SS 8; SP 
100; JD O; RC l; VC 2; VR 500; VP 20, 100". The "VC 2" 

15 command specifies a Rivet Count of two passes, where an 
exposure of 20 is specified for the first pass, and an 
exposure of 100 is specified for the second pass. Given 
exposure units of 10 /us, this translates into an exposure 
of 400 MS, and 1,000 us, respectively. The command "VR 

20 500" indicates that for the second pass, the X cross hatch 
vectors will only be riveted to within 500 SS multiples 
from where the cross hatch vectors join the layer boundary 
vectors. Given an SS of 8 bits (approximately 2,4 mils) , 
this translates into an offset of approximately 1,200 mils 

25 (1.2 inches) from the ends. 

FIGS. 32a and 32b shows an example of a .PRM file, 
entitled SUPER. RPM for illustrative purposes only. The 
.PRM file is described in greater detail in S.N. 182,830, 
its CIP, S.N. 269,801, and its continuation, Lyon & Lyon 

30 Dkt. No. 186/195, and only the aspects of the example 
pertaining to default riveting parameters will be 
described here. First, the only default riveting 
parameters indicated are for the layer cross hatch vectors 
for the first object (described in the Figure by the 

35 mnemonic "LHl", which as per the table above, in earlier 
implementations, would have been described with the 
mnemonics "X", "Y" or "I", for X, Y, or 60/120 cross 
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hatch, respectively) and for the 
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near flat down facing skin vectors for the first object 
(described in the Figure with the mnemonic, "NFDHl," 
which, as per the table, would have been described in 
earlier implementations with the mnemonics "F", "G", and 
5 "K", for X, Y, or 60/120 cross hatch, respectively). The 
relevant portion of the file is reproduced below: 
LHl, "RC 2; SP 20, 80; JD 0; SS 8; 
VCR 5; • J^iv®*^ count 

99; ! rivet reduction 

10 VP 11, 12, 13, 14, 15" ! rivet step amount 

periods 

NFDHl, "RC l; SP 176; JD 0; SS 2; VC 5; VR 99; 
VP 11, 12, 13, 14, 15" 
First, the portion of each line following the is 

15 a comment for readability purposes only. For the layer 
cross hatch vectors, the default Rivet count is 5 passes, 
with an exposure of 11, 12, 13, 14 and 15 specified for 
each respective pass (which given exposure units of lO/is, 
translates into exposures of 110, 120, 130, 140, and 150 

20 MS, respectively). The default Rivet Reduction amount is 
99 SS multiples, which given the default SS of 8, trans- 
lates into a value of 792 bits or approximately 237.6 
mils.' For the near flat down facing slcin vectors, the 
default riveting parameters are identical to those 

25 specified for the layer cross hatch vectors. 

The .V file produced by MERGE is illustrated in FIG. 
33a and 33b. The file consists of the vectors to be 
traced for each layer divided into the various vector 
types. AS indicated, for layer 920, the XY pairs for the 

30 layer boundary vectors (indicated by the mnemonic »Z1", 
with "1" denoting the first and only object) are listed 
followed by the XY pairs for the cross hatch vectors 
(indicated by the mnemonic "XI"). Then, the layer 
boundary and cross hatch vectors are listed for layer 940. 

3 5 Aspects of meaning the effectiveness of the various 

techniques above will now be described. Appendix J is a 
program for producing a quarter-cylinder, which is a type 
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Of part specifically developed in order to measure the 
impact on curl of any of the aforementioned techniques. 

The quarter-cylinder is actually a cantilevered beam 
made up of a number of layers which adhere to adjacent 
5 layers to form the overall beam. An aspect of the 
quarter-cylinder is the measurement of upward (or 
vertical) curl,, which results from the adhesion of layers 
to adjacent layers. FIGS. 34(a) and 34(b) provide a side 
view of a quarter cylinder which shows the effects of 

10 upward curl. The quarter cylinder comprises cantilevered 
beam 120 made up of layers 120a, 120b, and 120c, which are 
supported by platform 121. FIG. 34a shows the quarter- 
cylinder before the effects of upward curl have been 
introduced, while FIG. 34b shows the same quarter-cylinder 

15 after the effects of upward curl have been introduced. 
FIG. 34b illustrates another aspect of upward curl, which 
is that as the number of cured layers increases, they 
become more effective in resisting the torque produced by 
the successively cured layers. As a result, in the 

20 example of FIG. 34b, by the time layer 120c is cured, the 
effects of upward curl have just about disappeared. 

It is important to note that a layer may actually be 
cured in steps where horizontal, adjacent lines are 
successively cured to form the overall layer. When a line 

25 is cured along-side an already cured line, the first line 
will shrink and cause the already-cured line to curl 
horizontally depending on the degree of adhesion between 
the line. This effect is illustrated in FIGS. 34c and 
34d, wherein FIG. 34c illustrates a top view of layer 120a 

30 comprising liiiss I23a, 123b, and 123c, respectively, while 
FIG. 34d shows the effects of horizontal curl on the same 
layer. As indicated, as more lines are built, the effects 
of horizontal curl become less pronounced since the 
already cured lines become better able to resist the 

35 torque exerted by successive lines. 

Another aspect of the quarter cylinder is its ability 
to measure another type of curl known somewhat graphically 
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as ■ 



"sneer". Sneer will explained after the entire 
structure of the quarter cylinder has been explained. 

A specific example of a quarter cylinder is 
illustrated in FIG. 35a. As illustrated, the part 
comprises upper layers 124, support layer 125, post-layers 
126, and base layer 127. Advantageously, upper layers 124 
comprise 25 layers, post-layers 126 comprise 8 layers, 
base layer 127 comprises 1 layer, and support layer 125 
comprises 1 layer. Other examples are possible, however, 
and this example is provided for illustrative purposes 
only, and is not intended to be limiting. 

As illustrated in FIG. 35b, which illustrates a top 
view of the quarter cylinder, each layer advantageously 
comprises inner and outer concentric circularly curved 
15 rails, 128 and 129 respectively, where the inner rail has 
a radius of 27 mm and the outer rail has a radius of 30 
mm. AS illustrated in FIG. 35c, the curved rails subtend 
an angle of 5ir/12 radians, slightly less than 90*. 

With reference to FIG. 35a, post layers 126 comprise 
20 post-pairs 126a, 126b, 126c, and 126d, and as illustrated 
in FIG. 35c, each post-pair advantageously comprises two 
posts. Post-pair 126a, for example, comprises posts 
126a(l) and 126a (2) , respectively. Also, as shown in FIG. 
35(C), jr/4' radians, a little over half, of the concentric 
arc is supported by posts, with each post pair 
advantageously uniformally spaced by jr/12 radians along 
the supported portion of the arc. 

With reference to FIG. 35d, the inner and outer rails 
of a layer are advantageously connected by 21 uniformally 
spaced support lines of lower exposure (which are analo- 
gous to cross hatch vectors described in S.N. 182,830, its 
CIP, S.N. 269,801, and its continuation, Lyon & Lyon Dkt. 
No. 186/195, and which therefore will be known here simply 
as cross hatch), where each line is advantageously uni- 
35 formly spaced by n/\Z radians. Advantageously, the cross 
hatch is exposed at a lower exposure so that the cross 
hatch for a given layer does not initially adhere to cross 
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hatch for an adjacent layer. Finally, as illustrated in 
FIG. 35e, starting with the first cross hatch line, the 
center of every other cross hatch on a given layer is 
given extra exposure, i.e. riveted, so that it adheres to 
5 the cross hatch below at this location. In FIG. 35e, 
successive rivets for a particular layer are identified 
with reference numerals 130a, 130b, and 13 OC/ respect- 
ively. As described earlier, the use of rivets is a 
technique for reducing upward curl. 

10 The part is advantageously built with 10 mil layers, 

but the exposure is varied amongst layers to provide 
different cure depths. This allows the measurement of 
curl at different cure depths. The base layer is advan- 
tageously given enough exposure to ensure good adhesion to 

15 the elevator platform (not shown) , which corresponds to a 
30 mil cure. The posts are advantageously given enough 
exposure to ensure good adhesion to the previous layer, 
which also corresponds to a 30 mil cure. The support rail 
is advantageously given a 30 mil cure to assure sufficient 

20 strength to resist resin currents during dipping. The 
rivets are advantageously exposed at a cure depth of 30 
mils, to ensure layer to layer adhesion of the lines of 
the upper layers. The upper lines, both inner and outer, 
and the supporting cross hatch lines are advantageously 

25 exposed at a varying cure depth, which parameter is varied 
to developed a curve of cure depth versus curl for the 
particular curl reduction technique used to make a quarter 
cylinder. An overall perspective of a quarter cylinder is 
provided in FIG. 35 f. 

30 To measure curl for a particular curl reduction 

technique, the cure depth of the lines of the upper layers 
can be varied between one or two mils up to 40 mils. At 
each cure depth, as illustrated in FIG. 35g, the thickness 
of the quarter cylinder is measured at two locations: l.) 

35 at the first rivet from the unsupported end of the upper 
layers, which location is identified with reference 
numeral 131 in FIG. 3 5g, and the thickness at this 
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location is identified as "s" in the Figure; and 2.) at 
the first rivet from the supported end of the upper layer, 
which location is identified with reference numeral 132 in 
the Figure, and the thickness at this location is 
identified as "f" in the Figure. The curl factor for a 
given cure depth is defined as the ratio f/s. The curl 
factor for a range of cure depths are computed, and then 
plotted against cure depth. After a particular curve is 
plotted, the above would be repeated for different curl 
reduction techniques, to find the best curl reduction 
technique for a particular application. The above 
describes the use of a secondary structure combined with 
rivets to reduce curl, but other techniques described 
earlier, such as dashed or bent lines, multi-pass, etc., 
are possible to evaluate with this technique. FIG. 35h 
illustrates several such plots for different curl 
reduction techniques. 

The type of curl known as sneer will now be 
described. It should be noted that if a straight 
cantilevered bar were used to measure curl, the effects of 
sneer could not be produced or measured. It is only by 
curving the layers of the cantilevered sections to form a 
quarter cylinder that the effects of sneer will occur. 

with respect to FIG. 35d, when inner and outer lines 
25 129 and 128, respectively, are cured, they will shrink by 
the same approximate percentage. Since the percentage of 
shrink is about the same, the extent to which the radius 
of the outer line shrinks will be greater then the extent 
to which the inner line shrinks, since for the larger 
radius, a greater incremental change is required to 
achieve to same percentage change. The result is that the 
outer line will transmit more stress to the surrounding 
structure. The presence of the cross hatch will prevent 
the relieving of the stress by movement of the outer line 
35 inwards towards the inner line. Therefore, to relieve the 
stress, the outer line typically moves upwards to produce 
the effect known as sneer. Note that the effect of sneer 
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Claims 



1- 



An 



improved 



stereolithography 



system^ 



comprising: 

first means for providing tailored object defining 



5 data with respect to a three-dimensional object to be 
formed, said tailored data specifying the structural 
aspects of said object for reduction of stress and curl; 
and 

second means responsive to said tailored data for 
10 automatically forming said three-dimensional object. 

2. An improved stereolithography system as set 
forth in claim 1, wherein said tailored data specifies a 
dashed line to provide isolation of pulling effects. 

3. An improved stereolithography system as set 
15 forth in claim 1, wherein said tailored data specifies a 

line with short segments at angles to each other to 
provide isolation of pulling effects • 

4. An improved stereolithography system as set 
forth in claim 1, wherein said tailored data a specifies 

20 lines that do not adhere to a layer below and are held 
together by other structure, whereby pulling effects are 
reduced. 

5. An improved stereolithography system as set 
forth in claim 1, wherein said tailored data specifies 

25 stereolithographically generated rivets to hold parts 
together. 



6. An improved stereolithography system as set 
forth in claim 1, wherein said tailored data specifies 
parts in the form of rails. 
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7. An improved stereolithography system as set 
forth in claim 1, wherein said tailored data specifies 
structure including both rails and rivets. 

8. An improved stereolithography systjsm as set 
5 forth in claim l, wherein said tailored data specifies 

lines that are as fully reacted as possible prior to 
exposure that extends the gel point to a lower layer. 



10 



9. A method for improved stereolithography, 
comprising the steps of: 

providing tailored object defining data with respect 
to a three-dimensional object to be formed, said tailored 
data specifying the structure of said object for reducing 
stress and curl; and 

utilizing said tailored data to stereolithographic- 
15 ally form said three-dimensional object. 

10. A method for improved stereolithography as set 
forth in claim 9, wherein said step of providing includes 
data which specifies a dashed line to provide isolation of 
pulling effects. 



20 



11. An improved stereolithography system as set 
forth in claim 9, .wherein said step of providing includes 
data which specifies a line with short segments at angles 
to each other to provide isolation of pulling effects. 

12. An improved stereolithography system as set 
forth in claim 9, wherein said step of providing includes 
data which specifies lines that do not adhere to a layer 
below and are held together by other structure, whereby 
pulling effects are reduced. 

13. An improved stereolithography system as set 
30 forth in claim 9, wherein said step of providing includes 
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data which specifies stereolithographically generated 
rivets to hold parts together. 

14. An improved stereolithography system as set 
forth in claim 9, wherein said step of providing includes 

5 data which specifies parts in the form of rails. 

15. An improved stereolithography system as set 
forth in claim 9, wherein said step of providing includes 
data which specifies structure including both rails and 
rivets . 

10 16. An improved stereolithography system as set 

forth in claim 9, wherein said step of providing includes 
data which specifies lines that are as fully reacted as 
possible prior to exposure that extends the gel point to 
a lower layer. 

15 17. An improved stereolithographic apparatus of the 

type for tracing a OV light beam along a line at the 
surface of a liquid resin at a sufficient exposure so that 
the line cures and adheres to a cured line placed below 
the surface, the improvement comprising tracing a dashed 

20 line at the surface having alternating solid portions and 
breaks, wherein the line is not exposed at the breaks, but 
is exposed at the solid portions to adhere to the line 
below at the solid portions. 

18. The apparatus of claim 17 wherein the dashes are 
25 subsequently filled in with liquid resin and cured at a 

lower exposure than the rest of the line. 

19. An improved stereolithographic apparatus of the 
type for tracing a UV light beam along a line at the 
surface of a liquid resin at a sufficient exposure to cure 

30 and adhere the line to a cured line placed below the 
surface, the improvement comprising tracing a bent line 
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having alternating solid portions and gaps, wherein the 
gaps are each connected by a repeated geometrical, 
structure other than a straight line, and wherein the line 
is not exposed at the gaps, but is exposed at the solid 
5 portions and connecting geometrical structure to adhere to 
the line below at these portions. 

20. The apparatus of claim 19 wherein the gaps are 
subsequently filled in with liquid resin and cured at a 
lower exposure than the rest of the line. 



10 21. An improved stereolithographic apparatus of the 

type for tracing a UV light beam along parallel lines at 
the surface of a liquid resin at a sufficient exposure so 
that the lines cure and adhere to cured parallel lines 
placed below the surface, the improvement comprising 

15 tracing the lines at a lower exposure so that they do not 
adhere to the lines below, tracing even lower exposure 
support lines which connect parallel lines at each layer, 
and then exposing portions of the support lines at a 
sufficient exposure to adhere to the support lines below. 

20 22. An improved stereolithographic apparatus of the 

type for tracing a UV light beam along parallel lines at 
the surface of a liquid resin at a sufficient exposure so 
that the lines cure and adhere to cured parallel lines 
placed below the surface, the improvement comprising 
25 tracing the lines at a lower exposure so they do not 
adhere to the lines below, tracing even lower exposure 
support lines which connect to a line and which overlap at 
least a portion of the support lines connected to parallel 
lines at the same layer, and then exposing the overlapping 
portions of the support lines at a sufficient exposure so 
that they adhere. 

23. An improved stereolithographic apparatus of the 
type for tracing a UV light beam along a line at the 
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surface of a liquid resin of a sufficient exposure so that 
the line cures and adheres to a cured line placed below 
the surface, the improvement comprising tracing the line 
through more than one pass of the UV light beam with an 
5 incremental exposure for each pass such that the line does 
not adhere to the line below on the first pass, but does 
adhere on a subsequent pass. 

24. The apparatus of claim 23 wherein the line is 
traced with two passes. 

iO 25. The apparatus of claim 23 wherein the line is 

traced with more than two passes. 

26. The apparatus of claim 23 wherein the 
incremental exposure at each pass is uniform. 

27. The apparatus of claim 23 wherein the 
15 incremental exposure at each pass can be, but need not be, 

different. 

28. The apparatus of claim 23 wherein the line is 
divided up into shorter segments, and wherein the line is 
traced by successively tracing each segment with more than 

20 one pass before proceeding on to the next segment. 

29. The apparatus of claim 28 wherein the lines for 
a layer are boundary lines representing the perimeter of 
a cross section of a part, or cross hatch lines represent- 
ing the interior of a cross section of a part and which 

25 connect the boundary lines, wherein the boundary lines are 
exposed to adhere to lines below on a single pass, and 
wherein the cross hatch lines are exposed to adhere to 
lines below on more than one pass. 



30. The apparatus of claim 28 wherein the lines for 
30 a layer are boundary lines representing the perimeter of 
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a cross section of a part, or cross. hatch lines represent- 
ing the interior of a cross section of a part and which 
connect the boundary lines, wherein boundary lines are 
exposed to adhere to lines below on two passes, emd 
5 wherein the cross hatch lines are exposed to adhere to 
lines below on more than two passes. 

31. The apparatus of claim 23 wherein the lines 
traced at a layer represent a cross section of a part, and 
selected lines of the layer which correspond to a critical 

10 area of the part susceptible to curl are traced at more 
than one pass. 

32. The apparatus of claim 23 wherein the line is 
cured to within a gap of approximately 1-5 mils to the 
line below on the first pass, and subsequent passes 

15 decrease this gap by approximately 1-2 mils per pass. 

33. An improved stereolithographic apparatus of the 
type for tracing a line at the surface of a liquid resin 
with a UV laser beam at a sufficient exposure so that it 
adheres to an already-cured line placed below the surface, 

20 the improvement comprising riveting the line by tracing 
the line at a lower exposure so it does not adhere to the 
line below, and then subsequently curing through one or 
more passes of the UV laser beam selected portions of the 
line called rivets at an incremental exposure for each 

25 pass sufficient to cause adherence to the line below at 
the rivets. 

34. The apparatus of claim 33 wherein the line has 
a width, and the rivets are circles having a diameter 
greater than the width of the line. 

30 35. The apparatus of claim 33 wherein the line has 

a width, and the rivets are circles having a diameter 
approximately equal, to or less than the width of the line. 
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36. The apparatus of claim 33 wherein the line has 
a width, and the rivets are circles having a center, 
wherein the center of the circles are offset from the 
center of the line, 

5 37. The apparatus of claim 33 wherein lines traced 

at a layer are boundary lines representing the perimeter 
of a cross section of a part, or cross hatch lines 
representing the interior of the cross section which 
connect the boundary lines, and wherein only the cross 
10 hatch lines are riveted, 

38. The apparatus of claim 37 wherein the part has 
a direction of probable distortion, and the higher 
exposure portions of the cross hatch lines are also line 
segments placed approximately perpendicular to the 

15 direction of probable distortion. 

39. The apparatus of claim 37 wherein only the 
Crosshatch lines representing a critical volume or area of 
the part particularly susceptible to curl are riveted. 

40. The apparatus of claim 33 wherein the rivets are 
20 cured to achieve adhesion to the layer below in two 

passes. 

41. The apparatus of claim 33 wherein the rivets are 
cured to achieve adhesion to the layer below in more than 
two passes. 

25 42. The apparatus of claim 37 wherein each cross 

hatch vector is riveted over its length to within a 
specified distance from where the cross hatch line 
intersects a boundary line. 
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su«ac. or . Xi^i, resin' : rsu«i=T:„^ " ' " 
th« layer adheraa t„ , ^ <Kposure so that 

a portion of th. quarter ^u^' 
from one end Is built ^"^'^ cylinder extending in 

portion Of the^^rteVLtr " ^ 

=ther end is unsupported ^^^^ r""'"' 

particular cur. deptt a-fd'^K ^""^ " ^ 

-e part. defte^'art^rrrT"' ""'^ 
quarter cylinder .t ^„ " **' °f '"is 

h.i,ht o/tle Art at tte T""*" ^'^"'^ 
P^rc at the unsupported end. 



10 



15 44. 



20 



30 



cylinder a«\u~t: 7 " '"—^ 

^.Pt^, and .or e"cn ^re t:;^' ~" 
.«.ur.d and plotted versus ^T^^ Z^^' 

ciws r .srutn/'anr:: ~" — 

t-talques Of dashed lines ' uZ' 
Structure, multi-pass ' =«*=°ndary 

- - «=. tec^^^e^r 'o:;i^~r"" 

Plotted versus th, cure depth. 

46. The apparatus of ci^im as w 
sneer and horizontal curl of " r" °" 

and evaluated. techniccue is measured 

type trrcin7a"u:e:t"::e""T"''" 

With a CV laser hea» at r^uff idir* ' "'^ 
Hn« adhere, to an „ f «Po»«re so that the 

-face, the Tj:.i77:.7z:'zrr 

the line to reduce or ' °' 
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48. The method of claim 47 wherexn a dashed line is 
traced at the surface, the dashed line having alternating 
solid portions and breaks, wherein the line is not exposed 
at the breaks, but is exposed at the solid portions to 

5 adhere to the line below at these portions. 

49. The method of claim 47 wherein a bent line is 
traced at the surface having alternating solid portions 
and gaps, wherein the gaps are each connected by a 
repeated geometrical structure other than a straight line, 
and wherein the line is not exposed at the gaps, but is 
exposed at the solid portions and connecting geometrical 
structure to adhere to the line below at these portions. 

50. The method of claim 47 wherein parallel lines 
are traced at the surface at a lower exposure so that the 
15 lines do not adhere to parallel lines below the surface, 
support lines are traced at even lower exposure to connect 
parallel lines at each layer, and then portions of the 
support lines are exposed at a sufficient exposure to 
adhere to support lines below. 

2° 51. The method of claim 47 wherein parallel lines 

are traced at the surface at a lower exposure so that the 
lines do not adhere to parallel lines below the surface, 
support lines are traced at even lower exposure to connect 
to a parallel line at a layer, which support lines overlap 

25 a portion of a support line connected to a parallel line 
at that layer, and then exposing the overlapping portions 
of the support lines so they adhere. 

52. The method of claim 47 wherein the line is 
traced with more than one pass of the UV light beam with 
30 an incremental exposure for each pass such that the line 
does not adhere to the line below on the first pass but 
does adhere on a subsequent pass. 
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53, The method of claim 52 wherein the line is 
traced with two passes. 

54. The method of claim 52 wherein the line is 
traced with more than two passes. 

5 55. The method of claim 52 wherein the incremental 

exposure at each pass can be, but need not be, different. 

56. The method of claim 52 wherein the line is 
divided up into shorter segments, and wherein the line is 
traced by successively tracing each segment with more than 

10 one pass before proceeding on to the next segment. 

57. The method of claim 56 wherein the lines for a 
layer are boundary lines representing the perimeter of a 
cross section of a part, or cross hatch lines representing 
the interior of a cross section of a part and which 

15 connect the boundary lines, wherein only the cross hatch 
lines are exposed to adhere to lines below on more than 
one pass. 

58. The method of claim 52 wherein the line is 
riveted by tracing the line at a lower exposure so it does 

20 not adhere to the line below, and then subsequently curing 
through one or more passes of the UV laser beam selected 
portions of the line called rivets at an incremental 
exposure for each pass sufficient to cause adherence to 
the line below at these portions. 

25 59. The method of claim 58 wherein lines traced at 

a layer are boundary lines representing the perimeter of 
a cross section of a part, or Crosshatch lines which 
connect the boundary lines, and wherein only the cross 
hatch lines are riveted. 
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60. The method of claim 59 wherein only the cross 
hatch lines representing a critical volume or area of the 
part particularly susceptible to curl are riveted. 

61. The method of claim 47 further comprising the 
5 step of measuring the impact on vertical curl, horizontal 

curl, and sneer by any of the curl reduction techniques 
such as dashed lines, bent lines, multi-pass, riveting, 
secondary structure, and any combination thereof. 

62. The method of claim 61 wherein the measuring 
10 step comprises the substeps of: 

building quarter cylinders using a particular curl 
reduction technique at various cure depths; 

measuring the curl factor for each quarter cylinder; 

and 

15 plotting the curl factor versus cure depth for that 

particular technique. 

63. The method of claim 62 further comprising the 
substep of measuring and evaluating the effects of sneer 
and horizontal curl on the quarter cylinders. 
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SUBSTITUTE SHEET 




SUBSTITUTE SHSET 
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SUBSTITUTE SHEET 



INTERFACE 
COMPUTER 



VECTORS+ 
PARAMETERS 



CONTROLLER 
FOR LASER, MIRRORS, 
ELEVATOfi, ETC. 



STEREOLITHOGRAPHIC 
FORMATION 
OF THREE DIMENSIONAL OBJECT 



FIG. 9. 
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GENERATE CAD DATA FOR DESIGN OF 
THREE DIMENSIONAL OBJECT 



GENERATE CAD DATA FDR DESIGN 
OF THREE DIMENSIONAL OBJECT 



CONVERT CAD DATA TO APPROPRIATE 
STEREOLITHOGRAPHIC DATA FORMAT 



12 



CONVERT CAD DATA TO APPROPRI- 
ATE STEREOLITHOGRAPHIC DATA 
FORMAT 



GENERATE SOLID INDIVIDUAL LAM- 
INAE REPRESENTING CROSS SEC- 
TIONS OF OBJECT TO BE FORMED 



-10 



COMBINE SUCCESSFULLY FORMED 
ADJACENT LAMINAE TO FORM 
THREE DIMENSIONAL OBJECT 



II 



FIG. 10. 



CONTAIN A FLUID MEDIUM CAPABLE OF 
SOLIDIFICATION IN RESPONSE TO PRE- 
SCRIBED REACTIVE STIMULATION 
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APPLY STIMULATION AS GRAPHIC RM- 
TERN IN ACCORDANCE WITH DATA GEN- 
ERATED IN STEP (9) AT FLUID SUR- 
FACE TO FORM THIN SOLID INDIVIDUAL 
LAYERS AT THE SURFACE .EACH UYER 
REPRESENTING AN ADJACElil CROSS- 
SECTION OF A THREE DIMENSIONAL 
OBJECT TO BE PRODUCED 
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SUPERIMPOSE SUCCESSIVE ADJACENT 
MRS ON EACH OTHER AS THEY ARE 
'ORMED TO INTEGRATE LAYERS AND 
DEFINE THREE DIMENSIONAL OBJECT 



FIG. II. 
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SAMPLE.L 

!MERGE: -RLES BS4.SLI 

IMERGE: -STARTLAYER 920 -ENDLAYER 1 020 
-NUMLAYERS6 

IMERGE: -MINX 250 -MAXX 8750 
IMERGE: -MINY 250 -MAXY 8750 
I3DSYS SLA-1 SLICE FILE 

!SUCE= -VER 3.11 -RES 1000.000000 -HX 400 -HY 460 

-HFX 0 -HFY 0 -HA 0 -MSA 0 -MIA 0 -2S 20 -Y -B 

* 1000.000.20.000,0.508 

920.#TOP 

920,L1 

920.LB1 ."RC 1 ;RD 0;RS 500;SP 20;SS 8" 

920.LH1 ."RC 1 :RD 0:RS 500:SP 20;SS 8" 

920,#BTM 

940.#TOP 

940 LI 

94o!lB1,"RC2;RD 0;RS 500;SP 20.40;SS 8" 

940,LH1,"RC2;RD 0:RS 500;SP 20;40;SS 8" 

940,#BTM 

960.#TOP 

960.L1 

960.LB1 .••RC2;RD 0:RS 500:SP 20.40.60;SS 8" 

960,LH1."RC2:RD 0:RS 500:SP 20.40,60:88 8" 

960.#BTM 

980,#TOP 

980,L1 

980,LB1,"RC2;RD 0;RS 10000;SP 20,40;SS 8" 

980,LH1."RC2;RD 0:RS 10000;SP 20,40:88 8" 

980.#BTM 

1000,#TOP 

lOOO.LI 

1000,LB1 

1000.LH1 

1000.#BTM 

1020.#TOP 

1020.L1 

1020,LB1 ,"RC3;RD 0;RS 10000;SP 20,40,60" 
1 020.LH1 ,"RC3:RD 0:RS 1 0000:SP 20,40,60" 
1020,#BTM 



FIG. 18. 
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SAMPLE.R 

'MERGE: -FILES BS4.SLI 

IMERGE: -STARTLAYER 920 -ENDUYER 1 020 
-NUMLAYERS6 

IMERGE: -MINX 250 -MAXX 8750 

IMERGE: -MINY 250 -MAXY 8750 

I3DSYSSLA-1 SUCEFILE 

!SLICE= -VER 3.11 -RES 1000.000000 -HX 400 -HY 

400 -HFX 0 -HFY 0 -HA 0 -MSA 0 MIA 0 -ZS 20 -Y -B 

* 1000.000,20.000,0.508 

920,920.20.20 

#TOP 

L1 

LB1 ,"RC 1 ;RD O.RS 500;SP 20;SS 8" 
LH1."RC1;RD 0:RS500;SP 20;SS 8" 
#BTM 

940.940.20,20 

#TOP 

L1 

LB1 ,"RC2;RD 0;RS 500;SP 20,40;SS 8" 
LH1 ,"RC2;RD 0;RS 500;SP 20,40;SS 8" 
#BTM 

960,960.20,20 

#TOP 

LI 

LB1 ."RC2;RD 0;RS 500;SP 20,40,60;SS 8" 
LH1 ,"RC2:RD 0;RS 500;SP 20,40.60:88 8" 
#BTM 

980.980.20.20 

#TOP 

LI 

LB1."RC2;RD 0;RS 10000;SP 20.40;SS 8" 
LH1,"RC2:RD 0;RS 10000:SP 20,40;SS 8" 
#BTM 

1000,1000,20.20 

#TOP 

LI 

LB1 

LH1 

#BTM 

1020,1020,20.20 

#TOP 

LI 

LB1."RC3;RD 0;RS 500;SP 20.40,60;SS 8" 
LH1 ,"RC3;RD 0;RS 500;SP 20,40,60;SS 8" 
#BTM 
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FIG. 20a 



SAMPLEPRM (SUPER.PRM) 



SUPERVISOR PARAMETER FILE 
VERSION 2.60 




! DEFAULT SUPER OPTIONS 

! PLACE OPTIONS TOGETHER INSIDE OF 

! QUOTES: USE ""IF NO OPTIONS 

! /NEGZ REQUIRED FOR SOME PROTOTYPE UNITS 

"/NEGZ" 



! GENERAL PARAMETERS 

800 ELEVATOR BOARD BASE ADDRESS 
1 00 ELEVATOR PITCH PARM, 1 00 FOR 

ALPHAS, 50 FOR BETAS 
3.556 XY-ONLY SCALE FACTOR; DOES NOT 

AFFECT Z-AXIS 
15940 X-COORDINATE OFFSET 
16813 Y-COORDINATE OFFSET 
1 0000 MAX NUMBER OF VECTORS TO SEND TO 

STEREO 



! - BLOCK DEFAULTS - 

i EACH TIME THE SUPERVISOR STARTS A 

! BLOCK, THE RESPECTIVE DEFAULT STRING 

! BELOW IS SENT TO THE STEREO DRIVER. 

! LB, NFDB.... ARE THE BLOCK TYPES 

! (LAYER BORDER. NEAR-FLAT DOWN BORDER, 

I ETC.) AND THEY ARE FOLLOWED BY THE 

! MERGE INPUT FILE NUMBER (E.G. 1 MAY BE 

! FOR POST VECTORS AND 2 FOR OBJECT 

I VECTORS). ALTHOUGH ONLY DEFAULTS FOR 2 

I FILES ARE SET FOR HERE, UP TO 10 FILES 

I ARE SUPPORTED. 

#TOP,"BX 4000:BY 31 000" 

! LASER BEAM BEGIN (HOME) POSITION 



! FILE #1 
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LB1 ,"RD 1 ;RS SOO.RC 1 ;SP 20;JD 0;SS 8" 
NFDB1 ."RD 1 ;RS 300;RC 1 ;SP 1 76;JD 0;SS 2" 
NFUB1 ."RC 1 ;SP 1 00:SS 2; JD 0" 
LH1,"RC1;SP176;JD 0; SS 2" 
NFDH1."RC1:SP 176:JD 0; SS 2" 
FDF1 ,"RC 1 ;SP 25:JD O.SS 1 6" 
NFDF1,"RC1:SP 25;JD 0:SS 16" 
NFUF1 ."RC 1 :SP 25:JD G;SS 16" 
FUF1 ,"RC 1 :SP 25: JD 0;SS 16" 
! 

! FILE #2 



LB2."RD 1 ;RS 300;RC 1 ;SP 352;JD 0;SS 2" 
NFDB2,"flD1;RS 300;RC1;SP 352;JD 0;SS 2" 
NFUB2,"RD 1 ;RS 300;RC 1 ;SP 100;JD 0;SS 2" 
LH2,"RC 1 ;SP 352;JD 0;SS 2" 
NFDH2,"RC1;SP 352; JD 0; SS 2" 
FDF2."RC1;SP 100;JD 0;SS 16" 
NFDF2,"RC1;SP 100;JD 0;SS 16" 
NFUF2."RC1;SP 100;JD 0;SS 16" 
FUF2."RC1:SP 100:JD O.SS 16" 



#BTM,"ZW60;ZD 8;ZV 0.5;ZA 0.5" 
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F/ajo. 



Rivrr.BOX 



XV..94,.04,.250.3.750..250.3750.8.750,.250,8.750XV..94,. 
04,.250.250..250,3.750,.250.3.750.8.750..250,8.750 



FIG. 31. 



RIVIT.L 

* 1000.20,0 



920,#TOP 

920,Z1,"SS 8;SP 100:JD 0;RC 1" 
NO RIVETS ON THIS LAYER 
920.X1,"SS8:SP 100:JD 0;RC 1" 
920.#BTM 
940,#TOP 

940,#CAXV,250.250.3750.250,3750.8750,250.8750 

BOX (HATCH WITHIN THIS B WILL BE RIVETED) 

940,Z1."SS8;SP 100;JD 0;RC 1" 

940.X1."SS8;SP 100:JD 0;RC1;VC 2;VR 500;VP 20.100" 

2 PASS RIVETS ON THIS LAYER 

940.#BTM 
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SUPER.PRM (NO SINGLE LETTER HEADER 
INFORMATION BUT THE OTHER MNEMONIC 
HEADERS 

! CAN EASILY BE EDITED TO SINGLE LETTER 
HEADERS) 

SUPERVISOR PARAMETER FILE 
VERSION 2.60 

LAST ALTERED: 1/25/88 

REASON: NEW SOFTWARE RELEASE 

DEFAULT SUPER OPTIONS 

PLACE OPTIONS TOGETHER INSIDE OF QUOTES: 
USE "•' 
IF NO OPTIONS 

7N0DRIFT/Z0FFn"EXT/SH0W" 

GENERAL PARAMETERS 

800 ELEVATOR BOARD BASE ADDRESS 

100 ELEVATOR PITCH FARM 

2.000 XY-ONLY SCALE FACTOR; USE 3.556 

FOR INCHES AND SLIZE RES=1000 
24000 IX-COORDINATE OFFSETS 

24000 lY-COORDINATE OFFSETS 

1 0000 MAX NUMBER OF BYTES PER 

BLOCK IN LASER QUEUE 
20000,20000 MINIMUM X AND Y OF VAT AREA 

(FOR GRAPHICS VIEWPORT) 
45000,45000 MAXIMUM X AND Y OF VAT AREA 
#TOP." JP 15:JS 48;BX 5367:BY 64000" 

•LASER BEAM BEGIN (HOME) 

POSITION 
! - BLOCK DEFAULTS - 
! ALTHOUGH ONLY DEFAULTS FOR 1 FILE. 
FILES ARE SET FOR HERE. UP TO 10 FILES 
ARE SUPPORTED. 
! FILE #1 

LB1 , "RD 1 ;RS 300;RC 2; I REDRAW 

DELAY, SIZE. 
COUNT 
SP 25.100; ! STEP PERIOD 
JD 0: ! JUMP DELAY 

SS 2" ! STEP SIZE 

NFDB1 ."RD 1 ;RS 300;RC 1 ;SP 1 76;JD 0;SS 1 " 
NFDB1,"RC1;SP 100;SS 2;JD 0" 

6»BSTlTCltM%HEET 
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LH1."RC2;SP 20,80; JD 0;SS 8; 

VC5; ! RIVET COUNT 

VR 99; I RIVET REDUC- 

TION AMOUNT 
VP 11,12.13.14.15" ! RIVET STEP 
PERIODS 

NFDH1,"RC1;SP 176;JD 0; SS 2;VC 5;VR 99; VP 
11,12,13,14,15" 

FDF1,"RCr;SP25;JD 0;SS 16" 
NFDF1,"RC1:SP 25; JD 0;SS 16" 
NFUF1 ,"RC 1 ;SP 25; JD 0;SS 1 6" 
FUF1,"RC1;SP25;JD 0:SS16" 



#BTM."2W50; 

ZDS; 
ZV 0.2; 
ZA 0.2" 



! Z-AXIS WAIT TIME IN 
SECONDS 

! Z-AXIS DIP IN MM 

! Z-AXIS VELOCITY PARAMETER 

! Z-AXIS ACCELERATION PARA- 
METER 
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RIVIT.V 
Z1.920 

250 8750 8750 8750 
8750 8750 8750 250 
8750 250 250 250 
250 250 250 8750 
XI .920 

8400 250 8400 8750 
8000 8750 8000 250 
7600 250 7600 8750 
7200 8750 7200 250 
6800 250 6800 8750 
6400 8750 6400 250 
6000 250 6000 8750 
5600 8750 5600 250 
5200 250 5200 8750 
4800 8750 4800 250 
4400 250 4400 8750 
4000 8750 4000 250 
3600 250 3600 8750 
3200 8750 3200 250 
2800 250 2800 8750 
2400 8750 2400 250 
: 2000 250 2000 8750 
1600 8750 1600 250 
1200 250 1200 8750 
800 8750 800 250 
400 250 400 8750 
250 8400 8750 8400 
8750 8000 250 8000 
250 7600 8750 7600 
8750 7200 250 7200 
250 6800 8750 6800 
8750 6400 250 6400 
250 6000 8750 6000 
8750 5600 250 5600 
250 5200 8750 5200 
8750 4800 250 4800 
250 4400 8750 4400 
8750 4000 250 4000 
250 3600 8750 3600 
8750 3200 250 3200 
250 2800 8750 2800 
8750 2400 250 2400 
250 2000 8750 2000 
8750 1600 250 1600 
250 1200 8750 1200 
8750 800 250 800 
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250 400 8750 400 
21,940 

250 8750 8750 8750 
8750 8750 8750 250 
8750 250 250 250 
250 250 250 8750 
XI .940 

8400 250 8400 8750 
8000 8750 8000250 
7600 250 7600 8750 
7200 8750 7200 250 
6800 250 6800 8750 
6400 8750 6400 250 
6000 250 6000 8750 
5600 8750 5600 250 
5200 250 5200 8750 
4800 8750 4800 250 
4400 250 4400 8750 
4000 8750 4000 250 
3600 250 3600 8750 
3200 8750 3200 250 
2800 250 2800 8750 
2400 8750 2400 250 
2000 250 2000 8750 
1600 8750 1600 250 
1200 250 1200 8750 
800 8750 800 250 
400 250 400 8750 
250 8400 8750 8400 
8750 8000 250 8000 
250 7600 8750 7600 
8750 7200 250 7200 
250 6800 8750 6800 
8750 6400 250 6400 
250 6000 8750 6000 
8750 5600 250 5600 
250 5200 8750 5200 
8750 4800 250 4800 
250 4400 8750 4400 
8750 4000 250 4000 
250 3600 8750 3600 
8750 3200 250 3200 
250 2800 8750 2800 
8750 2400 250 2400 
250 2000 8750 2000 
8750 1600 250 1600 
250 1200 8750 1200 
8750 800 250 800 
250 400 8750 400 
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EL ON 



2.Pi™EM0DaF0RSTE- 
REOUTHOGRAPHY (ORIENT 
mRTINCAOSniCE, ADD 
SUPPORTS) 





3. SOFTWARE TRANaATES 
SOLID MODEL WTO TRI- 
ANGLE (PHI6S) FORMAT 





8. POST PROCESSING 
(DRAIN, UV POST-CURE, 
AND REMOVE SUPPORTS) 





4.TRANSMIT TRIANGLE 
(PHI6S)FILET0SLA- 
SLICE COMPUTER 




7. FORM OBJECT LAYER BY LAYER 
(SUPPORTS AND BOnOM LAYER 
RRST) ON ELEVATOR PLATFORM 
IMMglSED IN PHOTOCURABLE RESIN 
BY TRACING VECTORS WITH LASER 
BEAM 



6. SOFTWARE USES PA- 
RAMETER RLE IN FOR- 
MAT INFORMATION TO 
DRIVE LASER BEAM 
ALONG PROPER VECTORS 
FOR EACH LAe 



5. SLICE SOFTWARE FILES 
(TRIANGLE) INTO SELECTED 
2 DIMENSIONAL PART CROSS- 
SECTIONS 

5A. MERGE SOFTWARE COMBINES 
^RIOUS SLICED RLES (SUP- 
PORT FILE. PART FILES,ETC.) 

5. OPERATOR EDITS PARAMETER 
FILE AND LAYER RLE 
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MAJOR COMPONENTS OF THE STEREOLITHOGRAPHY SYSTEM 
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ELECTRONICS 




ETHERNET 



DYNAHC 
-H MIRRORS 
DRIVER 



MONITOR 



I 



KEYBOARD 
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PROCESS 
COMPUTER 




ELEVATOR 
DRIVER 




z 

STAGE 



LASER 



SHUTTERS 



I 



OPTICS 



I 



DYNAMIC 
-H MIRRORS 



WINDOW 



T 



BEAM 
PROFILER 



OPTICS 





FAN 



i 1 aEVATDR yA 



^ VAT m. 



THERMO- 
STAT 



HEATER 

in 



AIR 

FILTER 



CHAMBER I 



THERMO- 
COUPLES 



BLXK DIAGRAM OF THE STEREOLITHOGRAPHY SYSTEM 

FIG, 39. 
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CAD SYSTEM 
CADRLeS 

CAOINTERf?ICE 




SUCE COMPUTER (XENIX OR UNIX) 



PHI6S FORMAT 
(TRIAN6LE)nLES 




^BJECT>STL 




ETHERNET 




LAYER 
CONTROL FILES 



■ «RGE 




(IRUN) 










^T>.L 
<RAR>.y^ 
VECTOR RLES 




PROCESS 
COMPUTER 
(MSDOS) 



CRITICAL 
VOLUME FILES 



LI 




STEREO 
DEVICE DRIVER 



n 



USER 
CONTROLLER 



SOFTVWE DIAGRAM OF STEREOLITHOGRAPHY SYSTEM 

F/G. 40. 
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t ^ 

USER ON 




FIG, 41 b. 



NOMENaATURE 


FUNCTION 


LASER ON INDICATOR 
SHUTTER OPEN INDICAIOR 

POWER ON TOGGLE 
SWnCH/INDICATOR 


BLUE LAMP INDICATES THAT M LASER IS OPERATING WHEN 
ILLUMINATED. 

GREEN LAMP INDICATES THAT THE LASER SHUHER IS OPEN 
WHEN ILLUMINATED. 

TURNS THE OVERHEAD REACTION CHAMBER LIGHT ON & OFF. 

CONTROLS PRIMARY POWER APPLICATION TO THE LASER , 
POWER SUPPLIESJEACTION CHAMBER, FILTER/HEATER, AND 
PROCESS COMPUTER. 



CONTROL PANEL SWITCHES AND INDICATORS 

SUBSTITUTE SHEET 




.SUBSTITUTE SHEET 




STEP PERIOD (LASER DRAWING SPEED) 

.i^ FIG. 42. 
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FIG. 43b. 



LENS TISSUE 




0 



If 

g^-^THUMBSCREW 



1-INCH PAD OF 
FOLDED LENS 
.TISSUE 

HEMOSTAT 



90 DEGREE BEAM-TURNIN6 MIRRORS 




RECOMMENDED OPTICS CLEANING TECHNIQUE 

SUBSTITUTE BHBJET 
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AIR FILTER REPLACEMENT 
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SLICE COMPUTIER COMPONENTS 



LEGEND: 

I. POWER SWI1CH 

I mm 

3. POWER CABLE 

4. SiGNALCABLE 

5. LOCKOUT SWITCH 

6. SUCECOMPUTER 
V SIGNAL CABLE 

a KEYBOARD 

9. DISKETTE 

10. DISK DRIVE 

II. POWER SWITCH 

12. POWER CABLE {2EA.) 

13. SIGNALCABLE 




F/G. 45a. 



FIG. 45 b. 




wo 89/10801 



48/86 



PCr/US89/015S» 



LEGEND 

{.SCREW (2EA) 

2. CABEL ACCESS m 

3. POWER SWITCH 

4. M0NI1OR 

5. POWER CABLE 

6. SIGNAL CABLE 

7. LXKOUT SWITCH 

8 . PR0CESS COMPUTER 

9. SIGNAL CABLE 

10. KEYBOARD 
II. SCREW (4EA) 

12. ACCESS fwia 

13. POWER SWITCH 

14. POWER CABLE (2EA) 

15. SIGNAL CA6LE(3EA} 

16. COAXIAL CABLE 

17. POWER SWITCH 

18. LASER POWER SUPPLY 



19. CABLE (3EA} 

20. CABLE (2EA) 

21. POWER- SWITCH 

22. aEVATDR0Rie 

23. CABLE(2EA) 

24. CABLE 

25. CIRCUIT BREAKER 

26. POWER CABLE ( 4-6 EA) 

27. AC POWER DISTRIBUTION ttNEL 

28. CABLE (4EA) 

29. SCREW (4EA) 

30. COVER 

31. TERMINAL STRIP 

32. SCREW (4EA) 3 

33. SCREW (SEA) 

34. DYNAMIC MIRRORS DRIVER K 

35. CABLE (4EA) 

36. POWER SWITCH 





ELECTRONIC CABINET COMPONENTS 



F/S. 46a. 



SUBSTITUTE SHEET 



wo 89/10801 



PCT/US89/01558 



49/86 
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F/0. 47a 



LE6EN0: 



1. 


SCREW (2EA) 


2. 


LASER COVER 


3. 


SCREW (4EA} 


4. 


LASER 


5. 


SCREW 


6. 


INTERLOCK SWITCH 


7. 


SCREW (2EA) 


8. 


OPTICS COVER 


9. 


SHUTTERS 


10. 


SCREW (2EA) 


II. 


THUMBSCREW 


12. 


BEAM-TURNING MIRROR 


13. 


SCREW (4EA) 


14. 


BEAM EXPANDER 


15. 


SCREW (2EA) 


16. 


DYNAMIC MIRRORS 


17. 


SCREW (2EA} 


18. 


INTERLOCK SWITCH 


19. 


SCREW (2EA) 


20. 


INTERLOCK SWITCH (2EA) 




OPTICS COMPONENTS 
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-mm 




LEGEND: 



f. CHAMBER DOOR 

2. SCREW (2 EA) 

3 . BOTTOM COVER 

4. HEATER/FAM 

5 . TERMINAL STRIP 

6. SCREW (4EA) 

7. SIDE SHELF (2EA) 

8. KNOB (2EA) 

9. PLATFORM ROD (2EA) 

10. REACTION VAT 

1 1. LID 

12. UTDH (4EA) 



13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 



DRAIN VALVE 

COLLECTION BOHLE 

SIDE HANDLE (2EA) 

SCREW {2EA) 

PLATFORM 

CABLE 

SCREW 

CABLE CLAMP 

SCREW (4EA) 

ELEVATOR 

CHAMBER CABLE 



CHAMBER COMPONENTS 



6UBST/TUTE 



wo 89/10801 



PCT/US89/01558 




SUBSTITUTE SHEET 



wo 89/ 1080V 



PCT/US89/015S8 



54/86 



INTERLOCK 
SHUTTERS 
MIRROR 
ADJUSTMENT 
SCREWS 




BEAM-TURNING 
MIRROR 



LOCK NUTS 

BEAM EXPANDER 

BEAM-TURNING MIRROR 



FIG. 50a. 



MIRROR 
ADJUSTMENT 
SCREWS 



11.74 INCHES 



FIG. 50b. 




OPTICS 
SCHEMATIC 





LASER WINDOW 
3.25 INCHES 
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F/G. 51. 



.OPTICS COVER 




CHAMBER FLOOR 
ADJUSTMENT FET 



OPTIC 
WINDOW 
APERTURE 



OPTIC 
WINDOW 
MOUNT 



LEVELING 
BOLTS 

TIEDOWN 
BOLTS 

X-HORIZONTAL 
STRING GROOVE 

STRING 

CHAMBER DOOR 
PLUMB BOB 

WWER 



CHAMBER ALIGNMENT 
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SLA-1 STEREOLITHOGRAPHY SYSTEM 
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3D SYSTEMS SOFTWARF MANUAL ADDENDUM M I 
aiCEeEALEDTD EVERYBODY 



GENERIC AMERICAN AUTOMOBILE 
CIRCA 1973 




SIDE VIEW (NO DETAIL) 

FIG. 57a. 




FRONT VIEW (NO DETAIL) 

FIG. 57b. 



THE GEOMETRIC MODEL SLICE WOULD GET AS INPUT : (NO TIRES) 




SIDE 

F/G, 57c. 




(IT'S ALL TRIANGLES) 

FIG.57d. 




FRONT (HO TIRES) 



FIG. 57e. 




BACK 



FIG. 57 f. 
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EXPLODED VIEW 





THE HOOD 

(TWO TRIAN6LES-THEY ARE "NEAR-FLAT") 



HG. 58a. 



THE FENDER 
(TWO TRIAN6LES-THEY ARE "SCAN" TRIANGLES) 



FIG. 58b. 




-1 



THE ROOF 
(TWO TRIAN6LES-THEYARETLAT") 



ALL THE OTHER TRIANGLES THAT COMPRISE THE CAR MODEL MUST BELONG TO ONE 
OF THESE TYPES, FLAT, NEAR-FLAT OR SCAN 



nG.58c. 
suMmuir sneer 
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SLICE ORDERS THE TRIANGLES BY TYPE AND HEIGHT 



THE FLAT TRIANGLES 



HIGHEST ROOF 



TRUNK DECK 




LOWEST UNDERCARRIAGE 



FIG. 59a. 



THE NEAR-FLAT TRIANGLES 




FIG. 59b. 



SUBSTITUTE SHEET 




(ACTUALLY, DOORS, FENDERS, AND GRILL TRIANGLES COULD HAVE THE 
SAME LOWEST CORNER, BUT WE SHOW THEM HERE FOR CLARITY). 



LOWEST 
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NOW, WE WANT TO PROVIDE THE LASER GONTROaER SO IT CAN MAKE AN OBJBTUKE THIS 



VERY TINY STEPS 




FIG. 61a. 



AS IF WE HAD TO SLICE THE CAR AND STACK THE SUCES 




FIG. 61b. 



THE NEAR-FLAT TRIANGLES AND , 
FLAT TRIANGLE CAN BE "SKIN FLLED" 



MAGNIFIED SKIN 
FILLdOP VIEW) 



FILLING IS A VERY FINE CROSS HATCHING 

BY THE LASER TO MAKE THE SURFACE SMOOTH 




HOOD SLICE WINDSHIELD 
(BEWWTHAT SKIN (ABOVETHAT 
SLICE) Fia SLICE) 



SUBSTITUTE SHEET 




^■■:m ' INTERIOR BETWEEN BORDERS GETS 

CROSS HATCHED SO THE SLICE HAS 
SOME STRENGTH 



THE SLICE CROSS SECTION IS RECTANGULAR ONLY BECAUSE OUR CAR WAS A BOXY DESIGN 



FIG. 62. 
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FOR THE NEAR-FLAT TRIANGLES 
SLICE MAKES TRAPEZOIDS: 




FIG. 63a. 



TOP VIEW 



FIG. 63 b. 





SUCE SUCE 
900 901 



SKIN-FILLING ROUTINE 



SLICE CALCULATES THESE FOUR SEGMENTS 
(SIDES OF THE TRAPEZOID) 



THE OTHER HOOD TRI- 
ANGLE WAS PROCESSED 
IDENTICALLY 

to 





CREATED ALL 
THE SKIN-FILL 
SEGMENTS 



WHEN LASER GETS TO THAT 
SLICE, THAT PART OF HOOD 
GETS SMOOTH SKIN-FILL 

FIG. 63c. 
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FLAT TRIANGLES ARE CROSS HATCHED AND SRIN RLLED TOO- BUT THERE 
IS NO NEED TO MAKE TRAPEZOIDS BETWEEN SLICES : 



1 CROSSHATCH 

2 SKWRa 




ROOF TRIANGLES 
(FLAT) 

F/G, 64 o. 



TDP VIEW OF CAR 

SCAN TRIANGLES ONLY GENERATE BORDERS: (WHICH ARE THEN CROSS HATCHED) 
BORDERS ENCLOSE AN AREA THAT IS CROSS HATCHED 

^ SEGMENT FROM FENDER 

TRIANGLES 



SEGMENT FROM GRILL 
TRIANGLES 



SEGMENT 
FROM BACK 



TDP VIEW OF SLICE 




^^INTERSECTION IS CALCULATED TO GET SEGMENT 

F/a 64b. 

SUSSTiTUTE SHEET 




SUBSTITUTE SHEET 




WO 89/10801 



PCT/US89/01558 



70/86 



UJ>7 



SUBSTITUTE SHEET 




SUBSTITUTE SHEET 




S'JBSrrrUTE SHEET 




SUBSTITUTE sHerr 




•• i 




^^^^ 

• ■ ■■^■■>•>•-v^c- 




■.;>.i 



• ! 



WO 89/10801^'^ 



w' PCT/US89/01558 



76/86 



Sec 

5^ 



SUSSTITUTE SHEET 



•lis 




WO89/1080P 



PCr/L'S89/01558 



78/86 




:CT0R8| 








POINT 




^ 


[MOVE 









CO 
OS 



CO. 



C9 
CO 



CO 

or 

s 



CO 



CO 
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C9 



i 



25f 
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FIG. 67. 



CAO- 



SU- 



I. CAO/CAM/CAE 
SYSTEM 



2. SUPPORT DESIGN 



3. IDENTIFY ATTRIBUTES 



4. CONVERT MODEL 
TO 30 FORMAT 



(CAO INTERFACE ) 



5. SLICE MODEL 



OPERATOR 
INTERFACE 



■6. BUILD MODEL 



OPERATOR 
INTERFACE 




PHI6S + 
TRIANGLES 

AHRIBUTES 



SLICE 
CROSSHATCH 

SKIN 
SPECIAL 
VECTORS 



SUPERVISOR 



EL^& 
OTHER 
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SLA OVERVIEW 



FIG. 68 b, 



A 



B 



FACET D: 01,02,03 



solid Sohd.T«trA.2 
-facet normal -10 0 
outer loop 
vertex 0 0 0 
vertex 0 0 1 
vertex 0 10 
endloop 
endfacet 

4acet normal 0 -1 0 
outer loop 
vertex 0 0 0 
vertex 10 0 
vertex 0 1 0 
attribute 
endloop 
end-facet 

-facet normal 0 0-1 
outer loop 
vertex 0 0 0 
vertex 0 10 
g vertex 10 0 
attribute al2 
attribute c4 
endloop 
end-facet 

•facet normal nl nS nS 
outer loop 
vertex 10 0 
vertex 0 10 
0. vertex 0 0 1 
attribute alS 
endloop 
end-facet 
enosolid Solid.Tetra.S 

NOTE- ASCII FLOATING POINT NOTATION IS TYPICALLY EXPECTED FOR NORMAL AND VERTEX 
COORdlNATE VALUES, eg 'e-SSSSTe-IO*! 




FIG. 68a. 
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DATA 
FORMATS 


RANGE 


PRECISION 


MOST SIGNIFICANT BYTE -HIGHEST ADDRESSED BYTE 


7 0 


7 0 


7 0 7 0 


7 0 7 0 7 0 7 0 


7 0 7 


WORD 
INTEGER 


10^ 


16 BITS 




(TWO'S 

.COMPLEMENT) 




15 ( 


SHORT 
INTBER 


10^ 


328ns 




(TWO'S 
COMPLEMENT) 


31 ( 


LONG 
INTEGER 


io'9 


64 BITS 




|(TWO'S 
ICOMPLEMENT) 

3 




63 . ' 


HACKED 
BCD 


I0'8 


18 DIGITS 


s| X 


<l|A.^I5.^4.'*l3A2.'*H,^ift,**fl^ .^7 .<'6.'*5 ,''4 .<l3.^2,''l 


79 7 


2 


SHORT 
REAL 




24 BITS 


S 


BIASED 
EXPONENT 


SIGNIFICAND 




3 


23^11 C 


LONG 
REAL 


,0*308 


53 BITS 


S 


BIASED SIGNIFICAND 




63 5r^li 


0 


TEMPO- 
RARY REAL 


10 


64 BITS 


S 


F» m SIGNIFICAND 


7£ 


) 64 63^ 



NOTES' 

(1) S-SIGN BIT (0-POSITIVE . I-NE6ATIVE) (6) EXPONENT^BIAS (NORMAUZEO VALUE): 

(2) dft-0ECIMAL DIGIT (TWO PER BYTE) LONG REAL:I023(3FFH) 

(3) X.BITS HAVE NOS^CE. 8087 IGNORES WHEN TEMPORARY REAL:03(3FFFH) 
L0ADIN6,ZER0S WHEN STORING. ,,.„..„rn or^r. , MS,n n ^ 

(4) I .POSITION OF IMPLICIT BINARY POINT «f " ^^^^l^" ' -^O^ 
{5)1-INTE6ER BIT OF SIGNIFICAND STORED IN TEMPORARY (8)REAL:(-l)n2'^''"'''){FoF,...), 

REAL, IMPLICIT IN SHORT AND LONG REAL 
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FIG. 7la. 



VIEW A-A 



ALL WALL THICKNESS 
TOBEO.IOTYP 



fig: m. 



L 




0.60 OIA HOLE THRU 



1 



1.00 



FIG. 71b. FIG. 71c. 



FIG. 7le. 





1.00 

1 


.00 -I 


/ 


\ 





— 0.50 



0.50 
NOTES: 

1. ALL UNITS ARE IN INCHES 

2. DO NOT SCALE ORAWG. 



0.30 TYP 



0.06 

\ rm I rm- 



T 



FIG. 71 h. 



FIG, 7lg. [ 



WEBS ARE 45 DEG. APART 
ON 1.60 0.0. 8 PUCES 




—.50 TYP 



0.02 TYP 
(SET DEPTH TO .001 IN CAD) 

— .50 DIA THRU 
SUBSTITUTE SHEET 
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